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Electrical Methods for Diamond-Die Production 


By Chauncey G. Peters, Walter B. Emerson, Karl F. Nefflen, Forest K. Harris, and 
Irvin L. Cooter 


Electrical methods to drill diamond have been developed and applied to the making 


of diamond wire-drawing dies 0.0005 to 0.0015 of an inch in diameter that heretofore were 


produced solely by mechanical operations. 


The time required to produce excellent dies is 


reduced materially by applying these electrical methods to the following operations: 1, 


Pilot drilling the primary cone with a high-voltage spark in air; 2, drilling the secondary 


cone with a low-voltage spark in an electrolyte. 


These two methods of drilling are described and their application to the making of small 


dies at the National Bureau of Standards is given in detail. 


I. Introduction 


In recent years there has been a remarkable 
the use of diamond for industrial 
About 10 percent of the available 
supply of industrial diamonds is now required to 


increase in 


purposes. 


produce diamond dies for drawing fine wire ol 
uniform diameter. 

The following statement is quoted from an 
article by Paul L. Herz, “Diamonds in the wire- 
drawing industry”’: ' 

Up to 50 years ago steel drawplates or ruby or 
sapphire dies were used for drawing fine wire, and it 
was necessary to draw the wire slowly. Because 
the die wore rapidly, increasing the size of the hole, 
t was difficult to produce accurately gaged wire. 
In later of 
boron carbide have competed with diamond dies. 


years dies tungsten, molybdenum, or 
Diamonds, however, enjoy an exclusive field for the 
harder and tougher wire materials, such as chrome- 
nickel resistance wire, brass and phosphor bronze 
wire, and high-carbon steel wire. Diamond is also used 
for drawing electrolytic copper wire from the smallest 
In addi- 


diamond is indispensable whenever precision of 


sizes up to diameters approaching 0.080 in. 


size and perfect. roundness are essential considerations. 

Previous to the cutting off of imports from 
Europe when France and the Low Countries were 
nvaded in 1940, all small diamond dies were im- 
ported because labor costs made their manufacture 
in this country unprofitable. At the request of 
the War Production Board in January 1943, the 


lerz, Diamonds in the wire-drawing industry, Am. Mineral 


1942), 
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National Bureau of Standards undertook an in- 
vestigation to improve the manufacturing pro- 
cesses and the quality of diamond dies 0.002 to 
(0.0005 in. in diameter in order to meet the require- 
ments for many vital war products. This work 
was carried on as a joint investigation by the 
Miscellaneous Minerals Division of the War 
Production Board and the National Bureau of 
Standards until July 1, 1943; when administra- 
tion of the investigation was transferred to the 
War Metallurgy Committee of the National Re- 
search Council. 

A diamond die laboratory was installed at the 
Nationai Bureau of Standards with equipment for 
studying and testing existing die-drilling and wire- 
drawing machines and processes, and for develop- 
ing new methods and new equipment to meet the 
designated aims of the investigation, namely: 
(a) to reduce production time and cost, (b) to 
improve the quality of domestic dies. By the 
introduction of electrical methods of drilling, both 
so successfully that 
users of small-size dies are no longer dependent 


objectives were attained 
on foreign importations. 
The present paper, superseding the Bureau’s 
final report, Investigation of Small Diamond 
Dies, NRC-—535, Serial No. W—144, September 21, 
1944, isued to the War Metallurgy Committee 
of the National Research Council, includes new 
developments made at the National Bureau of 
Standards after the termination on July 1, 1944, 
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of the die investigation as a joint project with the 
War Production Board and the National Re- 
search Council. 


II. Description of Small Diamond Dies 


Diamonds weighing one-sixth to one-fourth 
carat, free from flaws and inclusions, and of sym- 
metrical shape are selected for making small dies, 
i. e., dies of less than 0.002 in. in diameter. The 
top and bottom surfaces are made plane and 
parallel, and a side facet is cut perpendicular to 
these surfaces to serve as a window through which 
the profile of the die and the progress of drilling 
may be observed. 

The shape of a wire die is governed by the work 
it is required to perform. Figure 1A, shows the 
customary profile, together with the necessary 
elements comprising a satisfactory die for drawing 
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Firure 1.—Profiles of dies. 


i, Exit-cone die; B, flat back die. 


resistance alloy and steel wires. The sha). of pri- 
mary, approach, and exist cones are of s. ondary 
importance to the actual working parts 0! ‘he di, 
i. e., the reduction and bearing cones, whic) 
should be properly shaped and highly polished 
A slight rounding-off, or relief, of the bearing coy, 
at its junction with the exit cone, when presen; 
tends to reduce chipping of the diamond during 
the wire-drawing operation. 

Examination of many used dies, howeve; 
indicated failure by chipping at the intersectio, 
of the bearing and exit cones. This was aseribhed 
to strain and minute fractures in the diamond 
introduced by the mechanical operations used jy 
forming the exit cone. Figure 1, B, shows th 
profile of dies produced at the National Bureay 
of Standards, in which the exit cone is eliminate 
by lengthening the primary cone and _ having 
the secondary cone pierce the relatively unstrained 
back surface produced by 
cast-iron lap, with fine diamond powder as » 


means of a rotating 


abrasive. 


III. Mechanical Drilling of Dies 
1. Mechanical Method 


Methods and equipment developed in Europe fo: 
drilling diamond dies employ essentially a sta 
drilling action. The drilling machine has a sing 
horizontal spindle that rotates a sharpened st 
sewing needle at high speed. The diamond i 
mounted in a holder that rests on rollers and 
free to move back and forth parallel to the ax» 
of the drilling needle. Drilling is accomplishe 
by oscillating the diamond against the rapi 
rotating needle. Diamond powder of different 
grades mixed with oil is used as the abrasi 

Domestic machines operate on the same pri 
ciple as the European design but usually ha‘ 
10 vertical spindles. 

The following operations are required to di 
a die by the mechanical method: 

Spotting.—The blank is mounted and cente! 
in a metal disk that is rotated in a bench lat! 
A small hole is started in one of the flat surface 
of the stone with a diamond chip held in a pal 
of pliers. This operation is designated by mak 
of diamond tools as “bruting.” The cavity thus 
formed serves as a starting hole for the di 

Drilling the primary cone.—A steel needle abo 
0.040 in. in diameter and with a rather b! 


” 
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sed to drill the primary cone. Relatively 
mond abrasive powder is used at the 
speed up the coning operation. Finer 
substituted as the cone nears 


point 
coars 
start 
powd IS 
com] yn. 

Drilling the secondary cone.—A lighter drilling 
machine with a fine needle ground to the approx- 
imate shape of the desired cone is used to produce 


the secondary cone. As the drilling proceeds, 


the needle must be recharged with the required 
size powder, reground as it wears, and reshaped 


to give the desired profile to the die. Drilling 
of the secondary cone is a tedious and time- 
consuming operation because of the necessarily 
small size of abrasive particles, needle diameters, 
and pressures on the needle that can be used. 

Back opening.—After completing the fine dril- 
ling, the die is returned to the bench lathe for 
counter drilling. A spherical hole in line with 
the die axis is bruted into the back surface of the 
die with diamond chips held in sharp-nosed pliers 
until it reaches the secondary cone. In some shops 
bruting is discontinued when the sphere is within 
0.003 in. of the cone. The final opening is then 
made on the drilling machine with a relatively 
blunt needle. 

Pi lf ish ing. 
on a polishing machine, is designed to smooth 
out any rings formed during the drilling, to smooth 
the ragged edges where the needle broke through 
from the back, and to give a fine polish to the 
working parts of the die. 


The polishing operation, performed 


2. Drilling Time 


The following time data for these drilling opera- 
tions for 0.0007- to 0.0010-in. dies were obtained 
from foreign reports and from experience gained 
in the Interferometry Section with 
similar equipment: 


Bureau’s 


Time required 


Holland England 
hr hr 
Primary cone : 50 12 to 26 
econdary-cone 
drilling 120 80 to 100 
k opening ) 8 
ing ‘ 20 
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Improved machinery and drilling technics enable 
American die makers to reduce appreciably the 
time formerly required to rough-drill the primary 
cone. 

A more detailed description of the mechanical 
method of making dies, together with illustrations 
of the required machinery, is given by Grodzinski.? 


IV. Introduction of Electrical Drilling to 
Die Making 


A study of the operations involved in making 
dies by customary mechanical methods indicated 
that (1) improvement in the quality of a die could 
be expected from more painstaking attention to 
details of shape and finish, and (2) no great reduc- 
tion in manufacturing time could be expected 
unless radical improvements or innovations could 
be evolved. 

In 1899 Wehnelt * found that by applying volt- 
age to a circuit containing two electrodes, one of 
which dipped slightly and the other more deeply 
below the surface of an electrolyte, sparking oc- 
curred at the point of the first electrode, causing 
rapid interruptions of the current. This circuit 
became known as the Wehnelt electrolytic inter- 
rupter. Dawihl and Fritsch,‘ using this electro- 
lytic method to obtain high frequencies, produced 
hemispherical holes about 0.30 mm in diameter 
and 0.25 mm deep in the surface of diamonds, with 
sulfuric acid as the electroltye. Some of the early 
experiments with electrolytic drilling at the 
National Bureau of Standards, however, gave 
small-diameter holes 0.002 to 0.003 in. deep and 
having the general appearance of the secondary 
cone of a die. As a result of further extensive 
investigation, cones of 0.006 to 0.008 in. in depth, 
0.0005 to 0.0015 in. in diameter, of smooth bore, 
and having the correct contour for secondary 
cones of dies, were produced at the bottom of 
mechanically drilled primary cones in from 40 to 
80 minutes under controlled conditions, thereby 
eliminating the many hours of tedious drilling 
required to produce a similar cone mechanically. 
Furthermore, these electrically drilled cones in 
contrast to those produced mechanically give no 
evidence of added strain to the diamond when 
examined in polarized light. 

“? Paul Grodzinski, Diamond tools (The Vail-Ballou Press, Binghamton 
N. Y., 1944) 
‘A. Wehnelt, Elektrotech. Z. 20, 76 (1899 


‘ W. Dawih! and O. Fritsch, Zat. Ver. Deut. Ing. 85, No 
March 15, 1941 








A nonelectrolytic high-voltage method of drill- 
ing discovered by one of the authors was applied 
to pilot-drilling the primary cone, thereby further 
reducing production time of a die and effecting a 
saving in the amount of diamond powder required. 
This nonelectrolytic operation for pilot-drilling 
the primary cone will be designated “high-voltage 
method” to differentiate it from the “electrolytic 
method”, by which the small secondary cone of a 
die is drilled. 


V. High-Voltage Drilling Method 
1. Apparatus 


Cones 0.012 to 0.020 in. deep and having the 
contour shown in figure 2 can be drilled in diamond- 
die blanks in 10 minutes with the equipment shown 
high-voltage 


in figure 3. The application of 
drilling to the production of diamond dies is given 
in a subsequent section that outlines the details 
of the Bureau method of making small dies. The 
equipment consists of the following parts: Ad- 
justable-ratio transformer V, 110/(0-135) v, 2 
Transformer 7, 12,000 v, 
Ammeter A, alternating-current, 
2-amp range. Capacitor C, 0.004 uf, 20,000 v. 
Quenched gap G, series of four to eight gaps. 
Electrode £, 0.020 in. in diameter—70 percent 
Pt, 30 percent Ir wire. Brass block B, to support 
the diamond. Helical spring S, 100 turns of 
No 22 enameled wire 
9.5-mm mandrel, with platinum supporting hooks 
This coil will apply 


amp. 60-cycle sign 


lighting, 150 va. 


copper wound on a 


to insure electrical contact. 





Ficure 3 


Cone drilled with high voltage: 


FicuRE 2 


a 0.5-g¢ load to the diamond when the electroc 
support is lowered 3 mm after contacting tly 
diamond. Holder H, a 5-in. length of Pt-] 
tubing of 0.020-in. inside 0.040-i1 
outside diameter, into 
slipped, and a cylindrical weight to extend th: 
A short length of Pt-| 
wire inserted into the upper end of the tube 
bent to form a supporting hook. Elevating 


diameter, 
which the electrode 


spring 20 to 30 mm. 


L, for raising and lowering the electrode. Rot 
ing unit FR, for rotating the electrode. 

Figure 4 gives the wiring diagram. Leads fr 
a 110-v 60-cycle alternating-current outlet 
connected to the primary terminals of adjustab) 
The secondary of | 


ratio transformer V 


G 


High-voltage drilling apparatus 
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Fieure 4. 


connected to transformer 7. Ammeter A is 
connected between V and 7 to read the primary 
current of transformer 7. One secondary terminal 
of T is connected electrically through the rotating 
device R, spring S, and holder H to the drilling 
electrode EE; the other terminal is connected 
through gaps G to block B supporting diamond 
D; eapacitor C, without which little or no drilling 
takes place, is connected between R and B. With 
A, the apparatus should 

shield to reduce radio 


the exception of V and 
be enclosed in a metal 
interference. 


2. Drilling 


Procedure.—The electrode, previously ground to 
a 20- to 30-degree tapering point, is lowered to 
contact the diamond resting on B, and its support 
is then lowered an additional 3 mm to give a 0.5 g 
load on the diamond. Voltage is applied to the 
circuit in increasing magnitude by means of the 
adjustable-ratio transformer. Sparking first oc- 
curs across the quenched gaps and, with increased 
potential, a discharge takes place across the sur- 
face of the diamond between the electrode and the 
metal block. Without the quenched gaps in the 
circuit, this discharge is a more or less continuous 
are that tends to produce a dark deposit on the 
diamond that interferes with the drilling action. 
Further increase in voltage produces a more intense 
white spark. Drilling then proceeds at an accel- 
erated rate. Satisfactory drilling takes place 
with this equipment with current values of 0.8 to 
14 amp in the primary circuit. The best value 
depends upon factors not fully under control of 
Although drilling is most rapid with 
the higher power values, values large enough to 
cause the diamond to develop a frosted surface 
should never be used. 


the operator. 
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Rate.—Drilling is more rapid for the greater 
current values, as indicated by the following data: 
Cone depth 


Drilling time Current 


Min. imp In 
10 0.8 0.012 
10 1.2 . 016 


The rate of drilling and also the quality of the 
cones is affected somewhat by the load on the 
diamond and the initial shape of the electrode 
More rapid and better drillings were obtained with 
the selected load of 0.5 ¢ than with loads of 0.2, 
1.5, 3, or 8 g. Drillings with electrodes having 
a 20- to 30-degree taper and a tip diameter of 
0.002 to 0.003 in. give excellent results. Deeper 
and better-shaped cones are usually obtained by 
drilling for 10-minute period and then redrilling 
with a resharpened electrode for another 10 min- 
utes than by drilling with the same electrode for 
20 minutes. An occasional rotation of the elec- 
trode during the drilling operation tends to produce 
better-shaped cones. 

Although the drilling rate diminishes with in- 
creased cone depth and becomes very low when the 
depth exceeds 0.025 in., if a previously drilled 
cone is broadened by mechanical coning, electrical 
drilling will again proceed at a rapid rate. 

Precautions._-Whenever a drilling is to be made 
in a flat surface of a diamond, sidewise motion of 
the electrode must be constrained. 
complished by passing the electrode through a 
hole of slightly greater diameter in a supported 
as shown in figure 3. 


This is ac- 


arm above the diamond, 
Constraint is unnecessary when redrilling in a 
Movement of the diamond 


previously made cone. 
beneath the electrode is prevented by cementing 
it to its supporting surface with polystyrene 


lacquer or Duco cement. 

The limiting condition for rapid drilling appears 
to be the power that can be applied before frosting 
of the diamond occurs. It has been found that 
frosting never results when the exposed electrode 
is operated below its reddening temperature, pro- 
vided the diameter of the 70 percent Pt-30 per- 
cent Ir electrode is not greater than 0.020 in. 
With an electrode 0.032 in. in diameter, frosting 

without visible reddening. 
electrodes 0.020 in. in diameter should 
and the current should be adjusted to 


occurred Conse- 
quently, 


be used, 
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prevent visible reddening of the electrode immedi- 
ately above the diamond. Although this is not 
a particularly fortunate criterion, its employment 
permit drilling without frosting 
of the diamond. It is evident, therefore, that 
high-voltage drilling at the present time is a proc- 


does rapid 


ess that requires continuous supervision by the 
operator. The spark should be viewed through 
protective glasses to avoid injury to the operator’s 
eves. 

One other condition should be considered. As 
the drilling nears the bottom of the diamond, the 
current tends to be conducted through the dia- 
mond, the discharge around the diamond ceases, 
and the diamond tends to overheat. This con- 
dition may be overcome by mounting the diamond 
to be drilled upon another flat-surfaced diamond, 
silver-soldered in a cavity in brass block B, figure 3, 
and protruding about 0.5 mm above the metal 
surface, thereby insulating the die blank from the 


brass block. 


VI. Electrolytic Method for Drilling 


Secondary Cones 


1. Apparatus 

The electrolytic method for drilling the second- 
ary cones of small dies is a straightforward pro- 
cedure requiring but a small amount of inexpensive 
equipment. It consists of the following parts: Var- 
iable-ratio transformer V, 110/(0—-135) v, 2 amp. 
Ammeter A, alternating current, 0- to 1- or 0- to 
2-amp range. Capacitor (optional) 10 yf, 600 v. 
Electrodes EF, and F,, hard-drawn 70 percent Pt- 
30 percent Ir wire, 0.020 in. in diameter. Elevat- 
ing unit Z, for raising and lowering Z,. Rotating 
unit #, for rotating F#,. Helical spring S, 75 
turns of No. 30 enameled copper wire wound under 
slight Pletinum 
suspension hooks are soldered to the ends of the 
This coil will 


tension on a 7-mm mandrel. 
coil to insure electrical contact. 
apply a load of about 0.1 g to the diamond when 
the electrode support is lowered 1 mm after the 
electrode contacts the diamond, and about 0.2 ¢ 
The load may be in- 
creased by using larger wire or by decreasing 


> 


when it is lowered 3 mm. 


either the diameter or the number of turns of the 
coil. Holder 7/7, a 5-in. length of Pt-Ir tubing of 
0.020 in. inside diameter, 0.040 in. outside diam- 
eter, into which £, is slipped, and a cylindrical 
weight to extend the spring S, 20 to 30 mm. A 
short length of Pt or Pt-Ir wire inserted in the 
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Figure 5.—Electrolytic drilling apparatus 


upper end of the tube is bent to form a supporting 
hook. Electrode /, should be so mounted as | 
permit vertical adjustment. 
petri dishes 6 in. (150 mm) in diameter by | 


Glass container ( 


(25 mm) deep are satisfactory. A small glas 
pillar about 8 mm high is cemented in the botto: 
of the container to support the diamond 
assembled equipment is shown in figure 5 
wiring diagram is shown in figure 6. 
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2. Drilling Procedure 


Ele e E, is centered in the previously formed 
me of the die blank, which is cemented 
styrene lacquer or Duco cement on the 
ss pillar in the container. After the 
touches the bottom of the cone, its sup- 

wered 3 mm to apply a predetermined 
load on the diamond. Electrode /, should dip 4 to 

5 mm deeper than £;. Electrolyte is then poured 
into the container until the diamond is immersed 
to a depth to give 0.5 to 0.7 amp when the correct 


prima 
with | 
small 
electre 


port Is 


drilling potential is applied. 

By using a 10 percent, by weight, aqueous solu- 
tion of KNO, as the electrolyte and applying 85 v 
across the electrodes, a small conical hole will be 
The shape of the cone 


produced in the diamond. 
is improved by occasionally rotating the drilling 


electrode. This rotation is accomplished by turn- 
ing R through about 90 degrees. If, at the start, 
the drilling electrode /, had a 10-degree taper and 
a tip diameter of 0.001 in. the cone produced in 
40 minutes will be 0.006 in. deep and have approxi- 
mate top and bottom diameters of 0.002 and 
(.0004 in., respectively. The tapered electrode 
will have shortened about 2 mm during the drilling 
operation, and its tip (A, fig. 7, A) will have the 


— 


Figure 7.—Drilling electrodes. 


With narrow shoulder; #, with broad shoulder. 
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shape of the hole and be of somewhat smaller 
dimensions. If a more blunt electrode is used, 
the resulting cone will have the same general shape 
as in the first case, but will be less deep; the 
shortening of the electrode will be less, and its 
final profile will show a broad shoulder above its 
tip (A, fig. 7, B). This seems to indicate that 
drilling is retarded by the time required for the 
electrolytic etching of the electrode. 


3. Factors That Affect Drilling 


Variables that affect the drilling are well within 
control of the operator, thereby permitting 
surprisingly duplication of results. A 
discussion of factors that affect the 
drilling follows. 

ELECTRODES: Both 
should be of a noble metal or an alloy of noble 
The 
composition of the deep-dipping electrode is less 
critical than that of the drilling electrode. The 
most satisfactory material tried thus far for the 
latter is hard drawn 70 percent Pt-30 percent Ir 
wire. Hard-drawn Pt wire drills fully as rapidly 
as this alloy but gives cones of somewhat greater 


close 
several 


Composition. electrodes 


metals to withstand the electrolytic action. 


diameter. 

Diameter.—Electrodes 0.020 in. in diameter are 
sufficiently rigid to retain their shape during the 
pointing operation and are more economical to use 
than those of greater diameter. 

Shape.—The drilling electrode is ground with an 
8- to 10-degree taper to form a tip 0.001 to 0.002 in. 
The rate of drilling is retarded if the 
The bottoms of the cones 


in diameter. 
tip diameter is large. 
tend to be somewhat irregular when tips less than 
0.001 in. in diameter are used. 

No attention need be given to the shape of the 
nondrilling electrode. 

ELecTROLYTE: Composition.—From tests of 
aqueous solutions of 40 electrolytes, including 
salts, bases, acids, and several combinations of 
salts, potassium nitrate (KNQO,) was selected as 
the most desirable for drilling the secondary cone 
of the die. Although drilling is possible with 
many of the other electrolytes, these were dis- 
carded for various reasons, including slowness of 
drilling, inability to drill deep cones, roughness or 
irregularity of the cones, release of irritating fumes, 
critical requirements for duplication of drillings, 
and contour of the resulting cone. The majority 
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c 
Ficure 8.—Cone profiles with various electrolytes. 


1, With several different electrolytes; B, with KNOs; C, with NaCl 


of electrolytes give cones of contour A, (fig. 8) in 
contrast to the more desirable shape B, (fig. 8) for 
die secondary cones produced with KNO,;. One 
electrolyte, NaCl, gives a funnel-shaped cone C, 
(fig. 8) that has a useful application, to be discussed 
later, in making electrically drilled dies. Slight 
impurities in the electrolyte do not affect the 
drillings appreciably, but it is well to use distilled 
water. The addition of a small quantity (say, 
0.2%) of aerosol to the solution reduces the spray 
from the interfering with the 
drilling. 


liquid without 

Concentration.—Excellent drillings may be made 
with 3 to 10 percent KNO, concentrations and 
with 3 to 6 percent NaCl concentrations when the 
proper corresponding voltages and currents are 
used. Lower concentrations are less desirable 
from the standpoint of quality of the cones pro- 
duced, whereas concentrations above the upper 
limits do not appear superior. 

Apriiep Loap.—In general, the magnitude of 
the load applied by the electrode to the diamond 
affects the diameter and depth of the cone. A 
load of 0.1 to 0.2 g is used to drill dies less than 
0.001 in. in diameter. Dies of somewhat larger 
diameter are produced by increasing the weight. 
Drilling is not as rapid with the larger loads, 
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however, and to drill a cone of the req. ired do, 
with a 2-g load may necessitate reshai ening ¢), 
electrode and redrilling for an additional 4, 
minute period. The contour of the lo. 

the cone tends to be irregular when | 
than 0.1 ¢ are used. 

Drittinc Pertop.—The rate of drilling ober. 
the law of diminishing returns. Cones 0,006 j; 
deep are produced in the first 40 to 45 minute 
after which the drilling proceeds rather slow) 
With longer periods the bottoms of the cons 
tend to become slightly irregular in shape. Ti 
best procedure when deeper cones are required js 
to remove and resharpen the electrode after 4 4). 
minute drilling. A second 40-minute drilling y; 
then increase the cone depth to 0.0075 to 0.008 i 
Cones of greater depth will require addition, 


r part 


is of [Ps 


drillings. 

Errect or Capacirance.—The effects upo 
drilling resulting from changes in the electri 
characteristics of the circuit have been studie 
Except for those effects produced by adding 
capacitance to the circuit, the results will net by 
reported at this time. 

In parallel.—Two beneficial effects are not 
when a capacitor of 5- to 10-uf capacitance 
placed in parallel with the electrodes: (a 
shape of the bottom of the cone is improved, a! 
(b) decomposition of the electrolyte is reduced, s 
that little, if any, attention is needed to maintai 
the solution at its proper level. One disadvantag 
noted in drilling very small dies with paral 
capacitance is that a drilling usua 
increases the diameter 0.0001 to 0.0003 in 

In series.—The drilling rate is greatly acceler 
ated by placing 20-uf series capacitance in | 


second 


) 


circuit and increasing the potential to 220 to? 
v; cones 0.006 to 0.008 in. deep and 0.0012 ' 
0.0015 in. in diameter can be drilled in 15 to? 
minutes. The tendency of these cones to & 
irregular in shape and to wander from the 
axis makes the use of this circuit inadvisable w' 
better control of the cones can be attained 
VoLraGe-curRRENT: Relationship for difee" 
electrolytes.—Figure 9 shows the voltage-curr 
curves for three electrolytes of indicated cor 
trations for maximum current values of 0.5 # 
and an applied load of 0.12 g. As the volta 
increases from zero, a value A is reached for ¢ 
visible sparking beg 


electrolyte at which 


Sparking becomes more vigorous with increasil# 
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for ea 
begins 


yereasilz 


esearch 


ntil at voltage B the current suddenly 
iuch lower. This transformation, un- 
with NH.CI and H,SQ,, is less obvious 
.. although it may be readily determined 
With NH,CI and 


vigorous sparking subsides with the 


volta 
mista 
with I 

of an oscilloscope. 
H.SO it 
he current and resumes when the current 
The decrease in 
spark is KNO,, 
because the current increases immediately after 
the transformation at B. 


drop 
o increase again at C. 
less evident with possibly 
These characteristics 
are common to many electrolytes. 
Drilling of the diamond appears to begin at A 
Between 
the drilling electrode becomes highly 


and increases in rate until B is reached. 
Band (@, 
polished, and little, if any, drilling takes place. 
Beyond C the electrode becomes pitted and rapidly 
deteriorates. 

For a the 
current increases with the depth of immersion of 


Drilling current. given voltage, 
the drilling electrode and the concentration of the 
electrolyte. With concentrations ordinarily used, 
shallow immersions giving currents less than 0.3 
amp at transition B are unsatisfactory because 
the drilling action becomes irregular. Also, deep 
mmersions giving currents greater than 1 amp 
are unsatisfactory because the drilling electrode 
becomes pitted. Immersions giving currents of 
0.5 to 0.7 amp have proved the most satisfactory. 
Drilling is most rapid for 
voltage values in the region of B immediately before 
The voltage for 

concentration of 


Drilling voltage. 


occurs. best 
the the 
electrolyte is reduced and increases to a lesser 


transformation 
drilling increases as 
degree with decrease in the applied load and with 
increase in the depth of immersion of the electrode. 
With electrolyte KNOs,, 0.2-g¢ applied load, and 
.5- to 0.7-amp current, excellent cones are pro- 
duced by using 85 to 90 v for 10-percent concen- 
trations; 95 to 100 v for 5-percent concentrations, 
Excel- 
ent funnel-shaped holes are produced with elec- 
tolyte NaCl by using 90 to 95 v and 110 v respec- 
tively, with 5-percent and 4-percent solutions. By 
selecting the proper concentration for a given 
electrolyte, maximum drilling will take place at 


and 110 v for 4-pereent concentrations. 


line voltage, thereby eliminating the need for a 


variable-ratio transformer. Such a transformer, 
however, permits greater flexibility in drilling con- 


ditions 
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Voltage -current curves for H,SO,, NH,Cl, and 

KNO, 
H2SO.+75% HzO (by weight); 2, 8% 
KN O;+90% H,O (by weight) 


VII. Coning and Polishing Machine 


As stated in section IV, electrical methods are 
used to pilot-drill the primary cone and to drill 
the secondary cone when making small dies at 
the Bureau. Mechanical operations are used to 
complete the primary cone and to polish the dies. 
These mechanical operations are performed much 
more effectively with a machine developed at the 


Ficure 9. 


Curve 1, 25% 
i, 10% 


NH,«C1+-92%) Hy0O (by 


weight); 


Bureau than with customary drilling and polishing 
machines. 

Previous coning, or drilling, machines were 
designed to drill without the aid of pilot holes by 
tapping the diamond against a rapidly rotating 
steel needle, with diamond powder as the abrasive. 
This is essentially a combined grinding and star- 
drilling process in which grinding or drilling is 
caused by the action of the abrasive between the 
needle and the diamond. Deepening of the hole 
depends upon the breaking away of minute cleav- 
age fragments by particles of diamond powder 
beneath the needle. Regardless of the speed of 
rotation, the axis of the drill is essentially sta- 
tionary. Therefore, any forward progress of the 
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drill must be caused by the hammering action of 
its tip. Since the hardness of diamond is about 
10 times that of a steel needle, it is obvious that 
the fine-pointed needle will be blunted after a few 
taps when drilling small dies. Most of the time 
required to drill a die of say 0.0006-in. diameter 
will consequently be spent in sharpening the drill. 
From the foregoing discussion it is apparent why 
75 to 150 hours may be required to drill a secondary 
cone 0.006-in. in length. When drilling dies 
0.003 to 0.080 in. in diameter, the size of the drill 
tip is sufficient to withstand considerable shock. 
Appreciable striking force and coarse-grained 
powder can be used for these larger dies, resulting 
in rather rapid drilling. This treatment, however, 
produces strains and fractures in the cone surface. 

Regrinding of the drill when making small dies 
is greatly reduced by the introduction of pilot- 
drilling as the tip of the drill in this case does not 
touch the diamond The conical surface of the 
drill, which is charged with abrasive and has con- 
siderable surface speed, cuts the cone to the 
required form—the action becoming less of a 
hammering and more of a grinding and cutting 
process. The multiple-head vertical-spindle ma- 
chine, figure 10, for coning and polishing was 


designed to enhance this action by 1 
hammering action, giving a better flow 
around the drill and affording a lon 
contact of the drill and diamond. 

Each spindle of the machine (shown 
runs in two cylindrical phosphor-bronze bushing 
B, which are pressed into recesses in the cross) 
and can be easily replaced when worn. The s 
drilling needle, N, centered in a hole drilled jy ; 
axis of the spindle, S, is ground to the des 
taper with a small hand grinder fitted wit} 
Alundum wheel. 

The oscillating rod, R, that supports th 
also slides in two cylindrical bronze bushings 
U-shaped bronze spring, L’, is attached to 
lower end of each rod, and a cylindrical cap 
having a hole of about l-mm diameter drille 
its center fits onto the top of the rod 

Bar )), having an adjusting screw, A 
outer end is attached at F to the rear crossba 
a flexure plate. This bar is moved up and d 
by the cam action of a shaft, /, having th: 
bearings turned eccentric to its axis. The sp 
of the shaft is governed by a 10-to-1 or 100 
reduction gear box inserted between the count 
and cam shafts. 


Ficure 10.—Machine for coning and polishing. 
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E 
11.—-Individual spindle of coning and polishing 
machines 

The pressure exerted by the diamond on the 
veedle and the time of contact of the two is regu- 
ited by adjusting the screw, A, and sliding it 
rom the tip to the base of the bottom leaf of 
ring, 1’, by a rotation of the cam follower, D, 
bout its point of attachment, F’, to the rear 
rossbar. 

For shaping or countersinking the primary cone, 
he die is held in a evlindrical cup, H, of about ‘4-in. 
xternal and \-in. internal diameter. A plug, P, 
hat fits the cup has a conical cavity drilled through 
rom the top, which acts as a reservoir for the 
brasive liquid. The top of the die is waxed to 
he bottom of the plug, which is then pressed 
The assembly is then placed 
n the cap, C, of the oscillator rod, where it slides 
ideways until the axis of the primary cone alines 
tself with axis of the drill. It is there coned 
ntil the tip of the drill reaches the bottom of the 
ilot drilling. The plug is easily removed with a 
air of pliers, and the unmounted die can be exam- 
ned for defects under good illumination with a 
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microscope having a magnification of about 


100 diameters. 
VIII. NBS Method of Making Small Dies 


The results obtained by the two electrical 
drilling methods may be summarized as follows: 
(1) High-voltage drilling—rough cones 0.012 to 
0.020 in. deep and 0.003 to 0.004 in. in diameter 
ean be drilled in 10 minutes. (2) Electrolytic 
drilling—smooth cones of correct size and contour 
for the secondary cones of small dies can be drilled 
in 40 to 80 minutes. 

Considerable variation exists in the equipment 
and requirements of different die manufacturers. 
Consequently, each producer must determine how 
and to what extent he can apply these electrical 
methods most advantageously. The following 
step-by-step procedure is employed at the National 
Bureau of Standards to produce small dies. 


1. Selection, Preparation, and Inspection of Die 
Blanks 


Dies having a diameter of 0.002 in. or less 
require a thickness of 0.044 to 0.064 in. Dia- 
monds of one-sixth to one-fourth carat suffice 


for this purpose. 


The plane-parallel surfaces and the viewing 
window are cut on a rotating cast-iron lap, with 
The cutting 
action is accelerated at the Bureau by the ap- 
plication of an electric are.° 

After the three facets are cut, the diamonds are 
Those showing 


diamond powder as the abrasive. 


examined under the microscope. 
flaws, carbon spots, or other other imperfections 
in the central portion of the stone that might 
weaken the die or interfere with the drilling are 
rejected. 


2. Drilling the Die 


The sequence of operations used at the Bureau 
to produce small dies is given in figure 12, opera- 
tions 1 to 10. 

DriLuinGc THE Primary Cone.—The primary 
cone is produced by a combination of high-voltage 
pilot drilling and mechanical coning, as indicated 
in figure 12, operations (1) to (6). 

Operation 1. Spotting—The blank is 
cemented for high-voltage drilling on the pillar of 
brass block B, figure 3. The 0.020 in. 70 per- 


first 


‘Chauncey G. Peters, Karl F. Nefflen, and Forest K. Harris, Diamond 
cutting accelerated by an electric arc, J. Research N BS 34. 587 (1945) RP 1657 
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Ficure 12.—Sequence of drilling operations. 
q g op 


Operations | to 6, drilling the primary cone; operations 7 and §, drilling the 
secondary cone; operation 9, relieving the back opening; operation 
10, polishing 
cent Pt-30 percent Ir. 
20-degree taper to form a 0.002 


electrode is ground with a 
to 0.003 in. tip, 
and is constrained from sidewise motion by pass- 
ing it through the hole in the supporting arm, 
and is centered on the upper surface of the blank. 
The elevating unit is next lowered 3 mm to give 
Voltage is then 
applied to give an ammeter reading of 0.8 to 1.4 
amp.’ By continuing the drilling for 10 minutes 
a cone 0.014 to 0.020 in. deep, figure (1) and 
figure 2, is produced that serves as a pilot hole 
for the next operation. 


the required electrode pressure. 


* These values represent the primary current in the high-voltage trans 
former, and will of course vary as different transformers are used. The 
operator will observe the intense blue-white spark between electrodes and 
across the face of the diamond, and may adjust the power by varying the 
input voltage until the needle electrode begins to show incandescence. The 
input voltage is then reduced to the point at which the electrode shows no 
redness, and the primary current is noted. Thereafter, the primary current 
in the transformer is a useful criterion of proper spark conditions. 
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Operation 2. First mechanical coning- The 
is next countersunk to the shape in fig: »e j9 
by means of the coning machine shown i) 

The spindle speed is about 5,000 rpm for ‘his ope. 
ation, and the diamond makes about 300 oseiljy. 
tions per minute. The drill is a steel necdle 9 
to 0.04 in. in diameter ground to a 45-degree poin, 
Grade 40 7 
is used as the abrasive. 


diamond powder in gelatin soluti) 
This coning opera 
usually requires 30 to 40 minutes; the actual may. 
hours required are few, however, because one per. 
son can operate 10 or more spindles. 

Ope ration 3. Fore -drilling. This is a rv petit 
of the high-voltage drilling in operation 1, exce; 
that in this case no constraint of the electrod 
Occasional rotation of the electrod 
during the drilling tends to improve the shape 
the cone. The cone produced in 10 minutes 
0.010 to 0.015 in. deep. Serving as a pilot drilling 
for the mechanical coning operation, it reduces 
appreciably the time required to drill the priman 
cone. 


required, 


Operation 4. 
is a repetition of operation 2. 
Final fore-drilling. 


is again drilled as in operation 3. 


Second mechanical coning.—This 


The diamon( 
For this drilling 


Ope ration 5. 


the operator must exercise judgment as to ty 
drilling time required to obtain the correct e 
point. The bottom of the drilled cone shou 
be 0.006 to 0.008 in. from the back surface of th 
diamond. For exceptionally thick blanks, ad 
tional drillings and conings may be required 

Operation 6. Final 
taken in this operation than in operations 2 and 4 
The final primary cone, figure 12 (6), should be 
symmetrical shape, free from drilling rings, a 
have either a polished or fine-matt surface. 
diameter of the cone immediately above its ap 
should be between 0.002 and 0.003 in. to assure go 
blending of primary and secondary cones. (rac 
20 diamond powder is used for the final conn 
operation. 

DRILLING THE SECONDARY CONE: Operati 
Electrolytic drilling with NaCl.—As 
section VI, electrolyte NaCl gives a wide ang 
funnel-shaped cone, whereas electrolyte K\0 
produces a relatively long, narrow cone of corr 


coning.—Greater care 


noted 


See, NBS Commercial Standard CS 132-45, Grading of dian 
(1945) 

* Distilled water, | liter; gelatin, 1 g; sodium carbonate, 0 

mately) to give a pH of 9. Phenol crystals are added to preve 
growth 
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pe for the secondary cone of a small die. 
) ndency, however, for the secondary 
lightly to one side of the primary cone 
. drilling with KNO, is made directly 
vy cone that has a broad, unpointed or 
ettom. Excellent alinement and better 
the primary and secondary cones are 
yy making a first drilling with NaCl as 
olvte and a final drilling with KNQOs. 
of these advantages, the additional 30 
required for an NaCl drilling appears 
spent. The following drilling procedure is 
see fig. 5 and section VI). 


té 


sed 


The 0.020 in. diameter 70 percent Pt-30 percent 


r drilling electrode 1s ground with an 8- to 10- 
ree taper to a 0.002 to 0.003 in. diameter tip. 


‘he diamond, previously cemented on the post in 
he container, is placed beneath and in the axis of 
he electrode The electrode support is lowered 
n additional 3 mm after the electrode contacts 
he bottom of the primary cone to give about 
2-¢ pressure on the diamond. The nondrilling 
lectrode should dip about 4 to 5 mm deeper in 
he container than the drilling electrode. A 5- 
ereent aqueous solution of NaCl is then poured 
ito the container, immersing the diamond suffi- 
iently (approximately 2 mm) to give a current 
f about 0.7 amp when 90 v are applied to the 
Drilling with 90-v potential is continued 
This gives a sharp apex to the 


arcuit 
r 50 minutes. 
one, as shown in figure 12 (7). 

Electrolytic drilling with KNQOs. 
he procedure for drilling the secondary cone of 


pe ration & 


ie die is similar to that given for operation 7. 
lowever, for this drilling the electrolyte is a 10- 
ereent aqueous solution of KNQOs, and the tip 
ameter of the drilling electrode is somewhat 
0.0010 to 0.0015 in., for more rapid 
Current and voltage values are 0.7 amp 


naller, 
rilling 
nd 90 v, respectively. Greater voltages will be 
equired for rapid drilling if lower electrolytic 
At the end of a 40- to 
drill will have 


oncentrations are used. 


‘minute drilling period, the 


bierced the back face of the die, giving a smooth- 
bore cone having a length of about 0.006 in. and 


diameter at the bottom of 0.0005 to 0.0006 in. 
ts general appearance is shown in figure 12 (8) 
nd in figure 13. 
the initial distance between the bottom of 
primary cone and the back of the die 


ethods for Diamond-Die Production 


Figure 13.— Die after piercing. 150. 

was greater than 0.005 in., the drilling may not 
have pierced the back surface and an additional 
drilling with a resharpened electrode and a fresh 
solution of KNO, will be required. 

Revievinc THE Back OPENING: Operation 9. 
Giving the die back-relief —The sharp edge formed 
at the intersection of the secondary cone and the 
back surface is given a slight countersink to pre- 
vent damage by chipping when wire is drawn 
through the die. This is accomplished by invert- 
ing the die beneath the drilling electrode and 
drilling electrolytically from the back, using a 
5-percent NaCl electrolyte. The 
ground with a 30-degree taper to a fine tip for 


electrode is 


insertion in the bottom of the secondary cone. 
Sufficient back-relief is obtained with a 4- or 
5-minute drilling at 70 v and 0.5 to 0.7 amp, as 
shown in figure 12 (9 and 10). The appearance 
of the relief is somewhat improved by placing a 
10-uf capacitance in parallel with the electrodes. 

Po.isHinG: Operation 10. Finishing the die 
mechanically.—T his designed to 
improve the roundness of the die and to shape and 


operation is 


polish its working parts. 

The die is placed directly on the cap of the 
oscillator rod of the polishing machine, figure 11, 
which operates with a spindle speed of 7,000 rpm 
and oscillates the die 30 times per minute. A No. 
7 to No. 10 steel sewing needle is ground to a long 
taper and, as it wears, is allowed to feed through 
the die into the hole drilled in the cap. The 
abrasive for polishing is diamond powder in pine 
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oil; grade 6 powder is used for fast cutting and 
grade 4 powder to produce the final polish. 

The polishing operation is continued until the 
cone is circular, well-polished, and has a bearing 
of 0.001-in. 4-degree taper. The 
diameter of dies produced under the conditions 
described in operations 1 to 10 will usually be in 
the range of 0.0006 to 0.0008 in. Figure 14 shows 
dies of 0.0008-in. diameter. Dies 
having short secondary cones have been drilled 
with diameters as small as 0.0003 in. Dies of 
0.0010 to 0.0012-in. diameter are produced by 


length and 


two finished 


increasing the load on the electrode or by using 
pure Pt electrodes when drilling the secondary 
cone. It has found that 
drillings with 10-uf capacitance in parallel with 


also been repeated 


the electrodes give larger diameter cones. For 


Finished dies. x 150. 


Fiaure 14 
1, Flat-back type 


B, exit-cone type 


diameters greater than 0.0012-in., res« 
to mechanical enlargement on _ the 
machine. 

CLEANING.— When 
foreign matter the usual procedure 


dies become { 
them with a pointed piece of wood or \ 
such as alcohol 
well with 
often fail with small dies becanyse ; 
secondary cone and bearing are much smal) 
than the bristles of the brush. 

In the Bureau’s laboratory the dies are cleg 
with the high-voltage spark produced by 
apparatus shown in figure 3. 


bristle brush and a solvent 


gasoline. These methods work 


dies but 


It is essential thy 
the capacitor be removed from the circuit, fig 
4, for the cleaning operation, otherwise the spar! 
will enlarge the die diameter about 0.002 }) 

1 or 2 seconds. 

The die is placed with the orifice up on the bras 
block, B, and the sharpened electrode is lowe 
to within approximately 1 mm of the orif 
When 
circuit, a spark will pass through the die « 
An application of the sp: 
for 2 to 3 seconds will usually remove the d 


about 40 v are applied to the primary 


from the electrode. 


The spark may, however, pass around the die 
the die is badly plugged. In this case the d 
inverted, and the electrode is lowered into | 
By thus shortening the path | 
the spark through the secondary cone, the die will 


primary cone. 


be cleaned by reapplying the spark. 
3. Drilling Time 


The primary cone is drilled by the above p 
cedure in about 3 hr, of which % hr is required ! 
electrical spotting and fore-drilling and the ! 
mainder for mechanical coning. The secondar 
cone is formed in 1% to 2 hr, including the tin 
required for a 30-minute drilling with Nat 
Back relief is obtained with a 5-minute dn 
with NaCl. The total time required to cone 
drill a die is therefore approximately 5 hr 

Considerable variation exists in the time 
quired to finish dies. Those needing but a sn 
amount of blending and polishing may be finis! 
in 2 or less hours; others may require as many 
10 hr to obtain a satisfactory finish. In gene! 
10 hr is about the average time for drilling 
finishing a 0.0006- to 0.0012-in. die. 

The actual man-hours taken by the die maker 
to produce small dies will, however, be n 
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ise all operations except the 30 minutes 

voltage drilling of the primary cone and 

ites for electrolytic drilling of the back 

vy be performed in multiple. One opera- 
lectrolytically drill 6 or more dies simul- 
taneously or can attend 10 or more spindles on the 
and polishing machine for coning and 
The time required to drill 


conil 
finishing operations 
and finish small dies on a production basis should 
not greatly exceed 2 man-hours. 

Neither spotting or fore-drilling by the high- 
voltage method nor electrolytic drilling of the 
secondary cone requires special skill or long train- 
ing of the operator. Most die makers have pro- 
duced excellent dies after 4 or 5 hr of instruction 
in the electrical methods by members of the 


Bureau’s Interferometry Section. 
4. Quality of the Dies 


Cones produced by either high-voltage or elec- 
trolytic drilling give no evidence of added strain 
to the surrounding diamond when examined under 
polarized light, whereas the material underlying 
the facets and primary and exit cones shows 
minute fractures when these 
Strain to a 


severe strain and 
elements are produced by bruting. 
lesser degree results from mechanical drilling and, 
although its magnitude decreases with reduced 
load on the needle and size of diamond powder 
used, it is still present in mechanically drilled 
Frequent failure by chipping 
at the intersection of secondary and exit cones of 
lies so drilled is ascribed to weakening of the 
Like- 


secondary cones. 


material by the mechanical treatment. 
wise, rapid wear of some dies at their initial size 
may be attributed to disruption of material under- 
lving the working surfaces of the dies that has not 
been removed by sufficient polishing. 

Operations that tend to injure the diamond are 
avoided whenever possible at the Bureau. Facets 
on a flat rotating lap rather than by 
bruting, and care is taken to avoid excessive loads 
on the needle while coning the primary cone after 
electrical fore-drilling. Electrolytically drilled 
secondary cones are usually quite round, have no 


are cut 


(rifling rings and, consequently, can be rounded 
and give a high polish with grade 4 diamond 
powder. Back relief is obtained by electrolytic 
Examination of a large number of dies 
When coordinated with their wire-drawing records 
indicated that the finish given a die is of great 


drilling 
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importance. Therefore, careful attention is paid 
to the finish of electrically drilled dies. For these 
reasons, National Bureau of Standards 
should wear as well, particularly at their initial 
size, as the best mechanically produced dies. 

The performance of a die at a given size is mea- 
sured by the quantity of wire that it draws within 
a specified tolerance of size and quality of the 
wire. It depends upon many variables, including 
the composition of the wire, condition of the wire 
as it reaches the die, drawing rate, amount of re- 
duction, and other less determinate conditions. 
After a die wears out-of-round or to a greater 
diameter than the tolerance permits, it is polished 
to the next larger size at which the manufacturer 
This procedure is repeated 


dies 


wishes to draw wire. 
until the diamond fails by fracture or is no longer 
usable as a die. Several wire manufacturers are 
coéperating with this Bureau to determine the 
performance of 50 National Bureau of Standards 
dies at their initial diameter and, progressively, 
through the range of larger diameters until failure 
occurs. Although the reports submitted thus far 
are rather meager, the data indicate that an equal 
or appreciably greater amount of wire is obtained 
with the National Bureau of Standards dies than 
is obtained under the same drawing conditions 
with mechanically drilled dies. 


5. Orientation of the Die Axis 


Attempts of previous investigators to establish 
a preferred orientation of the die axis with respect 
to the crystal axes of the diamond have been some- 
what inconclusive. Bureau dies submitted to each 
of the wire manufacturers included those drilled 
perpendicular to octahedron, dodecahedron, and 
cube faces respectively. Test reports thus far 
received are not sufficiently extensive to indicate 
a definite superiority of performance for any of 
these three orientations. The diameter of dies 
drilled perpendicular to the dodecahedron, face 
enlarges more rapidly during the polishing oper- 
ation than those drilled perpendicular to either 
cube or octahedron faces; it remains to be proved, 
however, that the rate of increase in diameter by 
polishing is a reliable accelerated test for com- 
paring die performance. 


6. Procedure for Making Exit-Cone Dies 


Flat-back dies, see figure 1, B, and figure 14, A, 
were developed at the Bureau to eliminate failure 
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by chipping of the diamond which usually occurs 
when the bearing intersects the drilled or bruted 
surface of the exit cone. Furthermore, unless the 
axis of the exit cone coincides with the axis of the 
secondary cone, the bearing will intersect the side 
of the exit cone giving a die that will produce curly 
wire. This is not true with plane back dies because 
the secondary cone axis will always be normal to 
the back surface. 

It has been stated that the spherical exit cone 
Considering 
the large size of the exit sphere relative to the small 
size of the die orifice, the secondary cone for all 


gives greater strength to the die. 


practical purposes intersects a plane surface. In 
view of the low breaking strength of a 0.001-in. 
wire, the small force exerted on the diamond in 
drawing wire of this size will doubtless be ab- 
sorbed by that portion of the diamond which is 
immediately adjacent to the die cone. 

In making exit cone dies it is customary either 
to first drill primary and exit cones and then open 
by drilling the secondary cone, or to first drill 
primary and secondary cones and then open by 
drilling or bruting the exit cone. In either case 
fractures are almost certain to be produced around 
the orifice. 

While the performance of plane back dies is 
excellent, most wire manufacturers conservatively 
prefer to purchase the customary exit cone type 
A, and fig. 14, B). The advantages of 
the electrical drilling methods, however, apply 
equally well to the production of this latter type. 
In this case, after the primary cone is completed, 
the exit sphere is drilled to within 0.006 in. of the 
apex of the primary cone. The secondary cone is 
then drilled electrolytically. 


(see fig. l, 


With either type of die it is imperati 
duce a well polished relief or countersin 
0.0005 to 0.001 in. in depth at the orifice 
chipping to a minimum. 


to pro- 
of fron 
0 Teduy 


IX. Conclusion 


Electrical drilling greatly reduces the prody. 
tion time for diamond wire-drawing dies less th, 
0.0015 in. in diameter. Most of the 100 or mo 


hours required to drill and finish a 0.001 in. die} 
mechanical processes is spent in drilling the sma 


secondary cone. This can be electrically drill 
in from 1 to 2 hours. A further saving in tim 
effected when primary and exit cones are spott 
and pilot-drilled electrically. As the necessan 
mechanical operations and the electrolytic drilling 
of the secondary cone can be performed in multip 
the labor required to drill and finish dies is reduc 
accordingly and does not greatly exceed 2 man- 
hours a die. Service reports from wire manv- 
facturers show that electrically drilled dies z 
excellent performance. 

Equipment for electrical drilling is inexpens 
and the drilling technic is simple, thereby mak 
the work less tedious and eliminating the extre: 
skill required to drill small dies by mechani 
methods. 

A satisfying development of the present invest:- 
gation is that domestic die makers are now able | 
produce economically an adequate supply of sma 
diamond dies in the critical range of 0.0004 | 
(0.002 in. in diameter. 


Wasuinoron, January 6, 1947. 
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Effect of Artificial Aging on Tensile Properties and 
Resistance to Corrosion of 24S-T Aluminum Alloy 
By Hugh L. Logan, Harold Hessing, and Harold E. Francis ' 


produc- 
eSs tha 
or mor 
l. die D 
he Smail 


drill: 
The effect of aging commercial 248—-T aluminum alloy sheet, for various periods at 


350°, 375°, 385° and 400° F, 
Aging for 3 hours at 385° F produced an increase in yield strength of about 25 per- 


1 time js 
spott: on its tensile properties and resistance to corrosion was deter- 
mined. 


CCEeSSAaly 
cent above an initial value of about 50,000 lb/in.2, an increase in tensile strength of about 


; drilling 
nultip 
reduc 


2 map- 


3 percent above an initial value of 70,000 lb/in.2, and a decrease to about one-third of the 
initial elongation of 17 to 18 percent. Approximately the same values for these properties 
were obtained by aging the material for 20 hours at 350° F, 5 hours at 375° F, or 1% hours at 
400° F. Materials aged 3 to 10 hours at 385° F and 6 to 12 hours at 375° F were generally 


mahu- 
immune to stress-corrosion cracking and were no more severely damaged in corrosive media, 


lies 7 
NaCl+ H,QO, solution or marine atmosphere, than the commercially heat-treated material 


cpens 
making 

extre! 

chani 


iInvesti- 


y able t 
of sma 
0004 1 


exposed without artificial aging. 


I. Introduction 


Various authors have reported that the yield 
strength of heat-treated and strained 24S-T alu- 
minum alloy sheet can be appreciably increased by 
aging at 350° to 400° F. However, it has also 


mbeen shown that heating this alloy may increase 


its susceptibility to intererystalline corrosion. 
Authors [1, 2]* who have reported that the 
vield strength of the heat-treated and strained 
alloy can be increased as much as 50 percent by 
aging at temperatures of 350° to 400° F, also 
found that the ultimate tensile strength was in- 
creased 5 to 10 percent by this same treatment. 
Slow cooling of the 24S~-T aluminum alloy from 
heat-treating temperature [3], or 
aging of duralumin at temperatures of 135° C 
275° F) and 200° C (392° F) [4], have been 
shown to markedly increase the susceptibility of 
these materials to intercrystalline corrosion. This 
occurs almost entirely at, or immediately adjacent 
to, the grain boundaries, and may be very damag- 
ng to the ultimate tensile strength and ductility 
\as measured by percent elongation) of the mate- 


the solution 


it the National Bureau of Standards, 
brackets indicate the literature references at the end of this 
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rial. Furthermore, it has been shown [5] that the 
application of stress to a material, susceptible to 
intererystalline corrosion and exposed in a cor- 
rosive medium, accelerates the corrosive attack. 
On the other hand, the corrosion damage to mate- 
rial, susceptible only to the pitting type of cor- 
rosion at the surface, is not appreciably increased 
by the application of stress to the material. 

It was the purpose of this project, undertaken 
at the request of and with financial assistance 
from the Bureau of Aeronautics, Navy Depart- 
ment, to determine if it was possible to heat treat 
the material to take advantage of the increased 
yield strength without increasing the danger of 
intercrystalline corrosion, 


II. Materials 


Commercially heat-treated 245-T aluminum 
alloy sheet is normally strained approximately 1 
percent after solution heat treatment in order to 
produce a flat product. The specimens used in 
this investigation were prepared from two com- 
mercial 24S-T aluminum alloy flat sheets each 
48 in. by 144 in. by 0.064 in. The sheets were 
from different They will be 


obtained sources, 


465 





referred to below as sheet A and sheet B. The 


chemical compositions of the two sheets were 


Copper 
Magnesium 
Manganese 
Iron 


Silicon 


In addition to the above elements, both sheets 
contained traces of calcium, chromium, gallium, 
lead, nickel, silver, tin, titanium, and vanadium, 
as determined spectroscopically. Sheet B also 
contained a trace of zine. 


II. Testing Procedure 


The method of test consisted of aging the 


materials for various times at temperatures of 


350°, 375°. 385°. and 400 


determining their tensile properties as aged and 


F and subsequently 


after exposure in various corrosive media. The 


term “aging” as used hereafter will refer to 
artificial or elevated-temperature aging and not 
to the spontaneous aging that takes place at 
room temperature after the solution heat treat- 
ment of the 245 alloy 


for 24 hours, stressed in tension to three-fourths 


Specimens were expt sed 


of the yield strength, in a sodium chloride-hydro- 
NaCl, 57 g; H,O, (30% 
6] in the laboratory. Im- 


gen peroxide solution 
10 ml; H.O, 990 ml 

mersion in this solution has proved to be a satis- 
factory accelerated test to indicate the type of 
corrosion that may be expected to develop in 
aluminum alloys of the duralumin type in marine 
exposure [7]. Specimens were also exposed in the 


weather unstressed and stressed, as indicated 
above, and unstressed in tidewater, all at the 
Naval Air Station, Hampton Roads, Va. The 
changes in tensile properties, particularly the 
ultimate tensile strength and percentage elonga- 
tion, resulting from exposure of the materials in 
the corroding media were taken as a measure of 
the corrosion damage. The type of corrosive 
attack was determined by metallographic examina- 
tion of the exposed material. 

Prior to the elevated-temperature aging treat- 
ment, most of the material was machined into 
ASTM = ‘\-in. tensile 


standard reduced-section 
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Machined 


artificially aged in an oven that had be« 


specimens. tensile specimens wo, 
Drought 
to the desired temperature before it wa charged 


with specimens. The oven was provided with , 
blower for air circulation and thermostatic eop. 
trol to +3°F. A period of 8 to 12 mi 


required to bring the thermostat element back 4 


eS Was 


the desired temperature after placing the spec. 
mens in the oven. The aging period was meas 
ured from that time, on the assumption that th 
specimens, which were well separated and smal] 

volume, reached the oven temperature along wit! 
the thermostat element. 

Panels 6 in. by 14 in. for exposure (unstresse 
in a marine atmosphere and for intermittent 
mersion in tidewater were cut from the origi 
sheet materials, 0.064 in. thick, described aboy 
and were aged for various periods in a temper 
furnace at 385°+10°F. At the end of all ag 
treatments, the specimens were quenched into | 
water at room temperature. 

All tensile tests were made with a hydra 
type of testing machine having a 5,000-pound | 
range. The cross-head speed was approximat 
0.05 in. per minute. Yield strengths wer 


tained from load-strain diagrams drawn by 
Templin type high-magnification stress-strain 
corder. The values reported for the tensile p: 
erties are the averages obtained from thr 
more specimens. 

Stress-corrosion tests were made on specim 
loaded axially by means of simple lever systems 
The stress-corrosion rack used in the laborat 
for testing many of these specimens is show! 
figure 1. 

The cells were of Py rex glass, 60 mm outs 
diameter, fitted into grooves in the Bakelite disks 
at the top and bottom. Breakage of the cy lind 
was reduced and watertight seals were mac 
using rubber gaskets between the glass and Ba 
lite. Rubber stoppers (molded by the Kub 
National Bureau of Standa 
containing rectangular slots slightly smaller th: 


Section of the 


the grip ends of the specimens fitted into tape! 
holes in the lower Bakelite Use of th 
stoppers facilitated the insertion and removal 


lisks. 


specimens and at the same time prevented leak: 
of the corroding solution. 

Three specimens for each aging period 
or 400° F, 
immersed in the solution at room temperat 


specimens aged at 350°, 385°, 
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3 war 
Drought 
charged 


with { 


tes wa 
DAaCK | 

spec. 
S meas- 
that tl} 


small 


Lresse; 
Lent 

origi 
abo 


Mm pe 


svstel 
borat 


how 


lesearch 


corrosion rack with cells in place for 
1 the NaCl- H.O, solution 


by means of lever systems. Cord (right) con 


© that circuit to solenoid counter is opened 


under stresses equal to three-fourths of the yield 
strength of the particular specimens under test. 
and 85° F. 
In order to eliminate temperature as a factor in 


Room temperature was between 70 


the corrosion testing, and also to evaluate the 
ffect of stress as a factor in corrosion damage, 
two sets of specimens for each aging period at 
75° F 


tion at a temperature of 95°+1° F; one set of 


were immersed in the NaCl+H,0, solu- 


specimens was unstressed, the second set was 
stressed to three-fourths of the yield strength. 
The temperature 95° F was selected, on recom- 
mendation of the Bureau of Aeronautics, because 
salt-spray corrosion data are obtained at that 
temperature. 

To supplement the laboratory stress-corrosion 
tests, tensile specimens aged at 375° and 385° F 
were exposed in a marine atmosphere at the Naval 
Air Station, Hampton Roads, Va. 
mens aged at 385° F were anodized before being 


Tensile speci- 


exposed; specimens aged at 375° F were exposed 
with no surface treatment other than degreasing. 
The racks used in exposing the specimens are 
shown in figure 2, and fixtures for holding speci- 
mens and the specimens themselves are illustrated 
3. The device for measuring times to 

of the specimens is shown in figure 4. 


Loads were applied by means of lever systems and 


Specimens were loaded to produce 


in the reduced sections, approximately 
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Naval Air Station, 
Hampton Roads, Va. 


Figure 2.—~Stress-corrosion racks, 


Ficure 3. 


Stressed and unstressed specimens in marine- 


atmosphere stress-corrosion rack 


equal to three-fourths of the yield strengths, and 
were exposed for approximately 6 weeks. Speci- 


mens aged at 375° F were also exposed to the 
marine atmosphere unstressed, but with condi- 
tions otherwise identical with those for the stressed 


specimens. 





Fieure 4.—Electric solenoid counters and time switch 
lower left). 


Counters are connected in series with knife switches located above indi- 
vidual specimens (see fig. 3 Counters are actuated once each 6 min (by 
electric time switch) until knife switch is opened upon failure of specimen, 
i. e., time to failure of specimen is recorded in 0.1 -hr unit 


The panels for unstressed weather exposure 
and tidewater tests at Hampton Roads were heat 
treated and were then cut into two parts, each 3 
in. by 14 in. One part of each panel was exposed 
to intermittent immersion in tidewater for 14 days; 
the other part was exposed to marine weather for 
1 year. The test sites and methods of mounting 
specimens have been described in a report of 
another investigation [8]. After exposure, the 
panels were returned to the Bureau, and their 
tensile properties determined. 

The type and extent of corrosive attack on the 
materials were determined, after their removal 


from the corrosive media, by metallographic oy. 
amination of one or more coupons from each s: 
of the corroded specimens. 


IV. Results 


The tensile 


properties of the commercial) 


heat-treated material, without elevated-temperg. 
ture aging, as determined from specimens tak 
parallel and transversely to the direction of roll. 
ing, and hereafter designated parallel and trans. 


verse respectively, were: 


Material 


Yield strength ! 


Trans- 


y 
Parallel) vorse 


lbjin | Ibjin2 
54,300 | 47,600 
SD), 500 4. 400 


Ultimate tensile) Elongatior 
strength r 


Trans- 


Parallel) |, erse |P8ralle 


Per 
lbjin2 | lbjins cent 
71, 700 | 70, 700 17 


67,300 | 67,200 18 


10.2 percent offset from the modulus line 


Specimens taken parallel to the direction 


rolling were aged at 350° F for periods of ti 
from 2 to 24 hours; at 375° F for periods of 2 | 
12 hours; at 385° F for 8 minutes to 12 hour 
and at 400° F for 1 to 6 hours. Specimens tak 


transversely to the direction of rolling were ag 
for periods of time from 1 to 8 hours at 385° | 
The results of the aging treatments and corros 
tests are given in tables 1 to 6 and are show 


graphically in figures 5 to 20, inclusive. Sta 


ard deviations for yield strengths, etc., give 


the tables 
ranges [9]. 


were computed from averages 
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Effect of aging period at 385° F on tensile properties and resistance to corrosion of 0.064-in.-gage commercial 


hic eX. ’ 
| X 24S—T aluminum-alloy sheet, lot A 
ach set a 
Te : _— : Tensile properties after 24 hr. | Tensile properties after 6 weeks 
Tensile are aged under stress in NaCi+H,O0,) under stress in marine atmos- 
: . ore 2 
| Stress in solution phere 
corroding 
Yield Ultimate | Elonga- | ™edium Yield Ultimate | Elonga- Yield Ultimate | Elonga- 
tensile tion in strength tensile tion in strength tensile tion in 
strength 2in 


hinercially strength ! | sere ngth | 2in strength 2 in. 


|-tempers- 


ens taker PARALLEL SPECIMENS 
m of roll. 
he Percent 2 lbjin.? 2 Percent 2 lbjin.? Percent 

ind trans. 71, 17 ' , 800 53, 3 70, 700 12 
174% 38, 2, 200 
1v 36, 42, 300 

: 17 , 900 
longation l 2, 72, 124 a . 100 


n 


, 500 43, 800 
rat 
5, OOO 
000 
SOO 


2, 500 
OO 
800 
1, 800 
5, GOO 
rection ol! iard ; 2: 7 425 
is of tim eieemen 
ds of 2 ti 
12 hours 
lens tak 
were age 
it BSS” | 
COTTOSIO 
ire show 
>» Stal 
,» given 


erages 


2 ffset from modulus line 
Material inserted in rack 12/23/44, removed 2/2/45. These specimens anodized before exposure. 
tandard deviation was determined by dividing the average range by 1.693; see Simon, “Engineer’s manual of statistical methods”, p. 138. Range 


aximum value minus minimum value. 
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TABLE 2.— Effect of aging period at 385° F on tensile properties and resistance to corrosion of 0.064-in.-gage 24S 
aluminum alloy, lot B 


rensile properties after 24 hr in Tensile properties after 6 w 


Tensile properties of ag materls " 
propertic ed aterial sCl+ HO: solution under stress under stress in marine at 


Stress in 

corroding 

Yield Ultimate Elonga- medium Yield Ultimat« Yield Ultimate 
tensile tion in tensile i . 

strength 


tensil 
strength sen 


trengtl 
P strength 2 in strength i strength 


PARALLEL SPECIMENS 


lb,in? Percent 
67, 300 1s 

66, 700 18 

66, 200 19 

68, 200 


66, 100 


oo 
yoo 
, 000 
400 


OO 5 5 5&8, GOO 
7, 600 ‘ oi) 400) 
600 58, 500 
600 } 5 5&8, 600 
100 5 5 59, 000 
55, 100 


Ao 


NSVERSE SPECIM 


58, 800 
51, 600 
60, 000 
SY, 400 


oo OOo 


60, 400 
60, 600 
59. 100 
59, 600 


we) 
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e properties of mater ial before and after exposure in tidewater for 


Properties of aged material 
unex pose exposure in tidewater 


Ultimat { ate 
Itimate Elongation Yield Itimate 


tensile > i tensile 
2i strengt 
strength mahahees trength strength (+ 


Yield 


strength in 2i 


i MATERIAL 


Percent 


BMA 
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Elongation Yield 


4 week sorina marine atmos phe re 


Properties of material after 14 days’ Properties of materia! after 1 year’s 


exposure in marine atmosphere 


Ultims 
mnate Elongation 
tensile 


strength streneth in 2 in 


Percent 


lor 


! 





TaBLe 4.— Effect of aging period at 375° F on parallel tensile properties and resistance to corrosion of 0.06 ~gage 
mercial 24S—T aluminum alloy 


Tensile properties after 24 hr in Tensile properties after ¢ 
*nsile ‘ties _ ris . “ 
ensile preperties of aged material! NaCl+H20y solution marine atmospher: 

Stress in 

corroding 
Ultimate Elonga- medium Ultimate Elonga- Ultimate 

y ield . y ield 

tensile tion in strength tensile tion in strength tensile 
strength 2 in strength 2 in strength 


Aging period - 
at 375° F 
Yield 


strength 
A MATERIAL 


Hours : 2 Percent lb/in.2 It/in.? Percent lbjin.2 
17 40, 500 7 55, 300 4 MM, 71, 900 
17 0 5%, 65, 800 10°54 71, 600 

51, 300 MA, 60, 100 ' 


=I 


0 5, 64, 300 r 


48 to 5D, 000 


8 
+ 
10 
12 
19 
Standard S Stressed 


deviation Unstressed 


55, 000 
61, 700 
55, 800 
58, 200 


64, 600 16 7 5 63, 200 hly 2 7, 100 
69, 600 55 63, 300 al, 7, 300 
68, 900 

69, 400 4 7 62, 900 ¥ 57, 000 
69, 400 63, 200 5 68, 400 


67, 400 5 5 : 61, 800 } 5g 66, 500 

67, 400 i, 61, 5300 e! 66, 000 

68, 300 : 

67, 500 45 5. 61, 600 » } 66, 300 

67, 300 0 . 61, 600 ; HA 65, 000 
ty , Stressed t 650 1. 030 


{t nstressed 550 1, 005 


' Material inserted in rack 7/45, removed 4/28/45, 
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of aging period at 350° F on parallel properties and resistance to corrosion of 0.064-in.-gage commercial 


24S-T aluminum alloy 


—_— . Tensile properties after 24 hr in 

Tensile properties of aged material NaCl+H20: solution 
Stress in 

corroding 

. , . “ . t : » 
Yield ieenete | Bicnge | SOS Yield timate | Elonga- 

streng > ng 2 

strength strength |“onin2in strength strength |“onin2in. 


Aging period - — 
at 350° F 


A MATERIAL 


Hours 2 lbjin Percent lbjin. 2 2 Percent 
71, 700 17 , 500 
72, 000 17 41, 700 
72, 500 900 
74, 700 , 50, 100 
74, 000 52, 200 


24 52, 000 
Standard de 
Viation 


24 
Standard de- 


Viation 


ese specimens broke in corroding medium 





od at 400° F. on parallel tensile properties and resistance to corrosion of 


iging pe 
comme cial 24S- T aluminum allo 


Tensile properties after 24 hr 
ens ro ties of dn . 
Tensile propertic aged aCl+H,QO, solution 
Stress in 
corroding 


Ultimate . Ulti t 
Itima Elonga- | ™edium Yield taimete | Elon 

tion in 2i st rt — 
nin2in rength strength 


Yield 
strength 


tensile 
ese tion in 


strengt! 


1 MATERIAL 


Percent lb/in.2 


100 
goo 


B MATERIAI 
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atmosphere for 6 weeks and in the Ficure 6. Tensile properties of paralle l specimens of B 
without surface protection for 24 hy material, aged at 385 F, hefore and after er posure ano- 
fi r / er / la , 1 
srine atmosphere, stressed to three-fourths dized) to a marine atmosphere for weeks and in the 


NaCl+ 20> solution, stressed to three- NaCl H.O, solutior without surface protection for 
24 hr. 
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Figure 7 Tensile properties of transverse specimens of 24 hr in the NaCl+ H2O> solution. 


A material, aged at 385° F, before and afler exposure for Uncorroded; @, corroded in NaCl]+H,0 
24 hr in the NaCl+ H,O, solution fourths of yield strength, 


, Uncorroded; @, corroded in NaCl+ Hy, solution, stressed to three 
fourths of yield strength, 
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Ficure 9.— Tensile properties of parallel specimens of A material aged at 385° F., 
proy UP } , g 


M,, exposed, stressed to three fourths of yield strength, in marine atmosphere for 6 weeks; W, exposed, unstressed, in marine atmosphere 


sed, unstressed, to intermittent immersion in tidewater for 14 days; L., immersed, stressed to three fourths of yield strength, in the NaCl+H,O, 
laboratory for 24 hr. Specimens M, were anodized prior to exposure; all other specimens were exposed without surface protection 
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Ficure 10 Tensile properties of parallel specimens of B material aged at 385 F. 


ssed to three fourths of yield strength, in marine atmosphere for 6 weeks; W, exposed, unstressed, in ma 
termittent immersion in tidewater for 14 days; L., immersed, stressed to three fourths of yield strength, in t 
Specimens M, were anodized prior to exposure, all other specimens were exposed without surface protectior 
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—Ts nsile properties of parallel A specimens, Fiat RE 12. Te nsile 
) 


75° F, before and after exposure in a marine aged at 375° 
re for 6 weeks and in the NaCl+ H2O, solution 


properties of parallel B specimens, 
F, before and after exposure in a marine 
atmosphere for 6 weeks and in the NaCl+ H,Q:, solution 
for 24 hr. 

ed; 0, exposed in marine atmosphere, stressed to three-fourths 


eth; @, corroded in NaCl+H)0; solution, stressed to three- 
trength, 


, Uncorroded , exposed in marine atmosphere, stressed to three-fourths 


of yield strength; @, corroded in NaCl+H,)0, solution, stremed to three- 
fourths of yield strength. 
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} IGURE 13 Effect of streas and corrosion on tensile properties of parallel A specimens age dat 375 


U, as aged; MS, corrodent, marine atmosphere, stressed to three-fourths of yield strength; \/, corrodent, marine atmosphere, stress= 


NaCl+ HyO,, stressed to three-fourths of vield strength; L, corrodent, NaCl+ HyQOp», stress<0 
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~ Figure 16.-—Tensile properties of parallel B spe 
AGING PERIOD - HOURS . , : 
aged at 350° F, before and after exposure for 24 } 

Ficgure 15.—Tensile properties of parallel A specimens, NaCl+ H,0;, solution. 
aged at 350° F, before and after exposure for 24 hr in the 


. 4 , Uncorroded; @, corroded in NaCl+Hy,0, solution, stressed 
NaCl+ H,O, solution. 


fourths of yield strength. 
, Unecorroded; @, corroded in NaCl+H 0; solution, stressed to three- 
fourths of yield strength 
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Figure 18.—Tensile properties of parallel B specimens, 
AGING PERIOO- HOURS aged at 400° F, before and after exposure for 24 hr in the 


17 Tensile properties of parallel A specimens, NaCl+ H,O, solution. 


}00° F, before and after exposure for 24 hr in the , Uncorroded; @, corroded in NaCl+H»0, solution, stressed to three 


1,0, solution. fourths of yield strength 
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led; @, corroded in NaC]+H 0, solution, stressed to three- 


trength 
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Ficure 19.——-Relationship between aging time and tensile 


properties of parallel A specie na. 


Corrosion damage = percentage loss in ultimate tensile strength of specimens 
exposed for 24hr inthe NaCl+H»,0O,) solution under stress equal to three 


fourths of yield strength Aging temperature: @, 350° F; @, 375° F; 


ma5° F; @, 400° F 


1. Effect of Aging on Tensile Properties 


The aging period necessary to obtain the maxi- 
mum values for tensile and yield strengths varied 
from approximately 20 hr at 350° F to 1% hr 
at 400° F. 


(a) Materials Aged at 385° F 


The results for parallel specimens are shown in 
figures 5 and 6 and in tables 1 and 2. Aging of 
the materials for periods of 8 and 15 minutes 
reduced the ultimate tensile and yield strengths 
and increased the percentage elongations. For 
longer aging periods the yield and ultimate ten- 
sile strengths increased and reached maximum 
values, for 2% to 3 hr aging, as follows: Ultimate 
tensile strength 74,100 lb/in.? and 69,000 lb/in.’, 
for the A and B lots of material respectively ; 
the maximum yield strengths were 68,600 |b/in.* 
and 62,500 Ib/in.’, 


respectively. The values for 
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Fiaure 20.—Relationship between aging time and t 
proverties of parallel B specimens. 


Corrosion damage =percentage loss in ultimate tensile strengt! 
mens exposed for 24 hr in the NaCl+H ,O,) solution under stres 
three-fourths of yield strength D. 350° F 
, 385° F; @, 400° F 


Aging temperature 


these properties decreased slightly as the acing 
periods were increased to 12 hr. The percentag 
elongation decreased as the aging period wa 
increased beyond 15 minutes and became consta! 
at 6% to 7 percent, after aging periods of 3 t 
hours. 

Computation of the standard deviations 


aging periods that may be commercially import: 


(2% to 6 hr, inclusive) gave values somew! 
smaller than those obtained from the averages 
the ranges of all the aging perieds. The stand 
deviations over this range for the yield strengt's 
were 810 Ib/in.? and 565 Ib/in’; for the ultu 
tensile strengths, 390 Ib/in.? and 590 Ib in 
for the percentage elongations, 0.3 and 0.25 pe! 
for the A and B materials, respectively. 

The results obtained on transverse speci 
are summarized in figures 7 and 8 and in tables 
yield strengths 


and 2. The maximum 
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trengthis 


ing for 3 hr. The ultimate tensile 

ere increased 2 to 4% percent by aging 
erature. The original yield strengths 
verse specimens were lower than those 
lel specimens, and the vield and tensile 

{ the transverse A specimens after 
ods of 3 hr or longer were generally 
000 Ib/in.* those of the 
specimens aged for the same _ periods. 
the values of the tensile properties of 
} material were approximately the same, 


ter aging periods of 3 hr or more, whether the 


ver 


ecimens had been taken transversely or parallel 


lower than 


, the direction of rolling. 
tterials aged at 350°, 375°, and 400° F 


Data for aging periods at 375°, 350°, and 400° 
are shown graphically in figures 11 to 18, 
vclusive, and are given in tables 4, 5, and 6. 
ather complete data were obtained for aging 
eriods of 2 to 12 hr at 375° F, but at 350° and 
00° F the specimens were aged at only enough 
eriods to give the general shape of the curves of 
nsile properties plotted against aging periods. 
\laximum values for the yield strength were 
btained by aging the materials for from 4 to 6 
r at 375° F and from 16 to 24 hr at 350° F. 
‘o specimens were aged for a period of less than | 
at 400 ° F; data on the A specimens indicate 
iat the maximum yield strength for this material 
ight possibly have been obtained by aging this 
witerial for less than 1 hr 

Irrespective of the aging temperatures there was 
maximum increase of approximately 3 percent in 
ltimate tensile strengths of parallel specimens 
ver that of the unaged material and 25 percent 
yield strengths. The increases in yield and 
ltimate tensile strengths were accompanied by 
ecreases of about 60 percent in the values for 
bercentage elongation. 

Standard deviations were approximately the 
ume Whether the values of all the specimens 


p70 


ged at 375° F or only those aged for periods of 


to 12 hr were considered. Standard deviations 
r all the data were computed for specimens aged 
and 400° F. 


t sol) 


2. Susceptibility of Materials to Corrosion 


It was found that, in general, specimens aged 
vlatively short periods of time were the most 
verely damaged in the corroding media; as the 


ificially Aged 24S-T Aluminum Alloy 


aging period was increased to produce the maxi- 
mum yield strength, the materials became less 
susceptible to corrosion and __ stress-corrosion 
cracking. Further aging, up to four times the 
period necessary to produce maximum properties 
for specimens aged at 385° F, did not appreciably 
change the resistance of the specimens to cor- 
rosion. 
(a) Materials Aged at 385° F 

In the laboratory exposures of stressed speci- 
mens in NaCl+H,Q, solution, the changes in 
ultimate tensile strength and percentage elonga- 
tion of materials aged for 8, 15, and 30 minutes, 
and subsequently immersed for 24 hr in the 
NaCl+H,0, solution, were much greater than 
those of specimens aged 1 hr or longer. The 
resistance of the material to the combined action 
of stress and corrosion continued to increase as 
the aging period was increased from 1 to 3 hr. 
Thereafter, there was little if any change in corro- 
sion resistance with increased aging periods. (See 
figs. 5 to 10 and tables 1 to 3.) 

Specimens of commercially heat-treated ma- 
terial and specimens that had been aged for 1, 2, 
3, 4, 6, 8, and 12 hr at 385° F were stressed to 
three-fourths of the yield strength and exposed in 
the marine atmosphere. Unaged specimens and 
specimens aged for 1 hr were more severely dam- 
aged than specimens aged for longer periods prior 
to exposure. Material aged 3 hr or longer was, 
in general, less severely damaged after 6 weeks of 
exposure under stress in the marine atmosphere 
than the unaged material exposed under the same 
conditions. 

The results obtained with unstressed panels 


exposed to the weather in a marine atmosphere 
and to alternate immersion in tidewater were in 
The greatest 


agreement with those given above. 
losses in tensile strength and ductility (see figs. 
9 and 10 and table 3) occurred in materials aged 
less than 3 hr. 
mens of both materials aged 3 hr or longer were 


In the weather exposure, speci- 


generally less severely damaged than the unaged 
materials. This was also true of the A material 
in tidewater, but the unaged 46 material proved, 
in general, to be slightly more resistant to corrosion 
in tidewater than any of the aged B material. 
Examination of the microstructures of speci- 
mens aged for various periods of time and sub- 
sequently exposed in the various corrosive media 
showed that material aged 8 minutes or longer 
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was susceptible to intererystalline corrosion in 
Specimens aged 8 minutes to 1 hr 
and subsequently NaCl -4-H,0, 
solution contained severe intercrystalline corro- 


some degree. 


exposed to the 


sion and the beginnings of stress corrosion cracks, 
as shown in figure 21, A. A material aged for a 
period of 1 hr and exposed unstressed in a marine 
atmosphere for 1 year contained more severe 
intercrystalline corrosion than was found in any 


With longer 


aging periods, the areas of intercrystalline attack 


other material examined (fig. 21, B). 


became less general and more spotty (fig. 21, C). 
For aging periods of 8 to 12 hr, the intererystalline 
corrosion was associated with pitting (fig. 21, D). 


Effect of Aging at 375° F 


Unaged specimens and specimens that had been 
aged for 2 hr were more severely damaged when 


exposed under stress in the NaCl+H,O, solution 


than similar specimens exposed under identical 
conditions except that they were not stressed. 
The effect of stress in increasing corrosion damage 
was less pronounced ir specimens aged 4 hr than in 
specimens aged for the shorter periods and there 
was generally little difference in corrosion dam- 
age to specimens aged 6 hr or longer whether the 
specimens had been exposed stressed or unstressed 
in the corroding medium. 

The losses in tensile strength and ductility of 
materials aged 6 hr or longer and subsequently 
exposed for 6 weeks in a’ marine atmosphere were 
generally no greater than those for the commer- 
cially heat treated but unaged material. 


Effect of Aging at 350° F 


Metallographic examinations of specimens after 
their removal from the NaCl+H,O, solution in- 
dicated that all the 
intercrystalline corrosion in some degree. 


aged material contained 
Speci- 
mens aged for periods up to 12 hr contained more 
severe intererystalline corrosion than _ specimens 


aged for longer periods of time. 


(d) Effect of Aging at 400° F 


Material aged 2 hr or longer contained only 
traces of intercrystalline corrosion on metallo- 
ographic examination of specimens after their 
NaCl+H,0, corroding 


their removal from the 


solution. 


486 


Fioure 21. Ty pe s of corrosion 

1, Severe, intercrystalline. and beginning of stress corrosiot 
of corrosion produced in material aged about 30 minutes at 
etched. X 100; #4, material aged 1 hr and exposed (unstresse 
marine atmosphere. Unetched <x 100; C, less severe interer 
that shown in A and typical of corrosion found in material a 
periods (3 to 4 hr at 385° F) prior to exposure. Unetched 
I ypical of corrosion fou 
Unetched 


crystalline extending out from pits 


iged for 8 to 10 hr at 385° F prior to exposure 
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VY. Discussion of results 


The wes in tensile properties with the aging 

the four temperatures used are shown 
19 and 20. As was indicated above, 
tely the same maximum tensile proper- 
\btained for the various aging tempera- 
| between 350° and 400° F. However, 
period necessary to produce the maxi- 


sod 
’ 
perioa 


appros 
ties Wt 
tures 

the ag 


mum yield strength decreased with increased aging 


temperatures. In many metallurgical phenome- 
na, particularly where diffusion may be involved, 

is found that a linear relation holds between 
the Jogarithm of the time and the reciprocal of the 


absolute temperature. Accordingly the recipro- 


cals of the aging temperatures in degrees Kelvin 
were plotted as ordinates, and the aging times 
necessary to obtain maximum yield strengths were 
plotted on a logarithmic scale, as abscissas in 


figure 22. The plotted points lie approximately 


on a straight line represented by an equation of the 


form 


Ae R’ 
where ¢ is the aging period in hours, K the absolute 
temperature in degrees K, and A and B constants 
whose values are 
A=3.85xX10-" hr, B 20.4 10° degrees K. 
The aging temperatures in degrees Fahrenheit 
were also plotted against the aging periods for 
maximum yield strength as shown in figure 22. 
A curve was obtained similar to that shown by 
Mozley [1] but with a somewhat different slope. 
Better correlation was evident, between the curve 
computed by the method of least squares) and the 
plotted points, when aging periods were plotted 
against the reciprocals of the absolute temperatures 
than against the Fahrenheit temperatures. The 
Bravais-Pearson coefficients of correlation were 
1.999 and 0.866, respectively, for the two curves. 
The 24S-T alloy transferred without delay 
from the solution heat-treating furnace to the 
quenching bath and cooled at a sufficiently high 
rate [3] to room temperature is immune to the 
very damaging intererystalline type of corrosion 
und is susceptible only to the more innocuous 
itting type of corrosion. It is generally con- 
idered that the susceptibility of the material to 
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AGING PERIOD— HOURS 


Figure 22. 
aging 
strengths. 


-Relationship between aging temperature and 


period necessary to produce maximum yield 


Rising line represents reciprocals of absolute temperatures, and falling 


line represents temperature in degrees F. , /°K—time F —time 


corrosion damage is increased by elevated tem- 
perature aging as well as by failure to satisfy the 
above conditions for rapid cooling. The results 
of the corrosion and stress-corrosion tests in the 
laboratory, in a marine atmosphere and in tide- 
water were significant in that they show: (a) that 
material that had been aged for a period sufficient 
to produce maximum mechanical properties was, 
in general, no more susceptible to corrosion dam- 
age than the commercially heat-treated material 
exposed without elevated-temperature aging, (b) 
that the application of stresses, equal to three- 
fourths of the yield strength, did not appreciably 
increase corrosion damage, over that to unstressed 
material, for specimens aged 6 hr or longer at 
375° Stressed specimens of materials exposed 
after an aging period of 2 hr at 375° F, and speci- 
mens exposed with no elevated-temperature aging 
were generally much more severely damaged than 
the comparable specimens exposed unstressed in 
the corroding media, (c) there were no data to 
indicate that material aged at one temperatzre, 
in the range 350° to 400° F, sufficiently long to 
obtain the maximum physical properties was more 
resistant to corrosion than material aged at another 
temperature to the same condition. 








VI. Summary 


1. Commercially heat-treated 24S-T aluminum 
alloy sheet (0.064 in. thick) was artificially aged 
for various periods at 350°, 375°, 385°, and 400° F. 
The tensile properties resulting from artificial 
aging and the resistance of the aged material to 
stress-corrosion cracking in NaCl+H,O, solution 
and (for some of the materials) in a marine 
atmosphere, were determined. 

2. The maximum yield and ultimate tensile 
strengths obtained in this alloy were independent 
of the aging temperature between 350° and 400° F. 
The optimum results,were obtained by aging the 
material approximately 20 hr at 350° F, 5 hr at 
375° F, 3 hr at 385° F, and 1% hr at 400° F. 

3. The effect of the aging treatment at 385°F 
was more pronounced on the tensile properties in 
a transverse direction than on those in a direction 
parallel to the direction of rolling. The yield 
strength of the transverse specimens of the com- 
mercially heat-treated material was increased 
approximately 40 percent above an initial value of 
about 45,000 Ib/in.*, and the ultimate tensile 
strength approximately 3 percent above an initial 
value of about 70,000 lb/in The percentage 
elongation was reduced to about one-third of the 
initial value of 18. Effects of the same magnitude 
were observed for the parallel specimens, except 
that the yield strength was increased only about 
25 percent above an initial value of about 50,000 
Ib/in *. 

4. Corrosion damage was measured by losses in 
elongation and ultimate tensile strength. Elevated- 
temperature aging of materials for short periods 
compared to those necessary to obtain the maxi- 
mum mechanical properties, increased the suscep- 
tibility of the material to corrosion. However, for 
aging periods sufficiently long* to produce maxi- 
mum physical properties, the resistance to cor- 
rosion of the artificially aged material was generally 
at least equal to that of the commercially heat- 
treated material exposed without elevated temper- 
ature aging. The ultimate tensile strengths of 
specimens exposed under stress in the sodium 
chloride-hydrogen peroxide solution were reduced 
as much as 30 to 35 percent for material aged for 


short periods of time. The reduction was only 10 


In some instances, also for aging periods up to three or four times the 


minimum necessary to produce maximum physical properties 


to 15 percent for specimens aged { Periods 
sufficiently long to produce maximum tens 
properties. The same amount of exposyy 
unaged material reduced its ultimate  teng 
strength by 11 to 32 percent. 

Losses in tensile strength and ductility 
anodized material aged 3 hr or longer at 385 f 
and exposed for 6 weeks under stress in the ma; 
atmosphere were small; the maximum |oss 
ultimate tensile strength was 1,500 Ib/in2, 9 jon 
which is probably not significant in this case: 4) 
maximum loss in ductility was represented 
specimens in which the percent elongation wa 
reduced from 7 to 5. 

Specimens aged for 6 hr or longer at 375° F y 
subsequently exposed without surface protecti 
by anodic treatment for 6 weeks in the mari 
atmosphere generally no 
damaged than the commercially 
material exposed without artificial aging. For o 


were more sever 


heat-treat 


lot of unaged material the effect of stress wa: 
marked in increasing the corrosion damage: |! 
ultimate tensile strength of the stressed specimens 
was reduced 9 percent, as the result of 6 weeks ; 
exposure in the marine atmosphere, compared | 
1 percent for the unstressed material; the perce: 
elongations on the two sets of specimens w 
reduced 53 and 17 percent, respectively. Howe 
there was little difference in the corrosion damag 
to specimens that had been aged 6 hr or mor 
375° F whether they were exposed stressed 
unstressed in the corroding media. 

The maximum losses in tensile strengths a 
ductilities of unstressed panels, exposed witho 
surface protection to the weather (marine atmos 
phere for 1 year) or to tidewater (intermitt 
immersion for 14 days), were found in specin 
aged 1 to 2% hr (at 385° F). 

5. Intercrystalline corrosion in some deg: 
was found in all of the aged materials on exami 
tion after exposure in any of the corroding med 
The intercrystalline corrosion was most sever 
specimens aged for short periods of time; as | 
aging periods were increased to or beyond thes 
necessary to produce the maximum values of ) 
strength, for the various aging temperatures 
intercrystalline corrosion became less general a! 
less severe than that found in specimens aged 


the shorter periods. 
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ooperative Analysis of a Standard Sample of Natural 
Gas with the Mass Spectrometer 


By Martin Shepherd ' 


The mass spectrometer was used for the analysis of a standard sample of natural gas 


by laboratories cooperating with Subcommittee ViI of Committee D-3 of the American 


Society for Testing Materials. 


The results of the cooperative analysis show the repro- 


ducibility and, in certain respects, the accuracy of this powerful new apparatus for gas 


analysis. 


The heating value and the specific gravity of the sample calculated from the 


analytical data were compared with the known values. 


I. Introduction 


This report is the third of a series of cooperative 
nalyses of standard gas samples? conducted to 
nish basie information for the preparation of 
andard methods for the analysis of fuel gases. 
he development of these standards is a task 
signed to Subcommittee D-3—VII of the ASTM, 
d the method of this development has been 
itlined in two previous reports.® 

The 20 laboratories that cooperated in the pres- 
it work were widely distributed geographically, 
it most of them were associated with the pe- 
oleum industry. There was some representa- 
on from the chemical industry, but only one 
illege and one Federal bureau participated. 
ortunately, both of the companies making the 
vectrometers used in this series of analyses con- 
ibuted the services of the instruments in their 
The cooperating laboratories 
vned 21 mass spectrometers. Of these, 18 were 
anufactured by the Consolidated Engineering 
orporation and the other three by the Westing- 
The Consolidated 


me laboratories. 


use Electric Corporation. 


n of Subcommittee VII (Analysis of Gaseous Fuels) of Com- 
¢ D-3 (Gaseous Fuels), American Society for Testing Materials 

samples are not to be confused with the regular standard samples 

| offered for sale by the National Bureau of Standards. They 

prepared especially for these cooperative analyses and are 

) laboratories cooperating with the American Society for Testing 
this project. 

Shepherd, Analysis of a standard sample of the carburetted water- 

laboratories cooperating with the American Society for Testing 

|. Research NBS 36, 313 (1946) RP1704; Analysis of a standard 

uple of natural gas by laboratories cooperating with the American Society 

t terials, J. Research N BS 38, 19 (1947) RP 1759. 


spectrometer * operates with a fixed magnetic 
field and varying accelerating voltage; the West- 
inghouse spectrometer ® reverses this system. 
The Consolidated instrument produces its spectro- 
gram photographically with a recording oscillo- 
graph; the Westinghouse instrument employs a 
pen-and-ink recorder. However, the basic prin- 
ciple upon which each was built is the same, and 
the analytical results should be the same. Indeed, 
it will be observed that results from the two 
instruments are not widely different, although 
there were some definite suggestions of individu- 
ality. In both types of instruments there were 
minor variations in design. Two different models 
of the Consolidated instrument operated with 
different rates of scan, somewhat different sensi- 
tivity, and a slight difference in the system for 
focusing the ion beam—apparently with no signi- 
ficant difference in the analytical results. The 
Westinghouse instruments were equipped with 
linear or log-linear recorders, and one of the three 
was a laboratory research model, not a production 
model. 

The same freedom from variety noted for the 
apparatus was true also for the analytical pro- 
cedures. In general, all of the laboratories fol- 
lowed the procedures for operating, calibrating, 
and computing prescribed by the manufacturers. 
“4H. W, Washburn, H. F. Wiley, 8. M. Rock, and C. E. Berry, Mass 
spectrometry, Ind. Eng. Chem. Anal. Ed. 17, 74 to 81 (1945), and manuals 
issued by the Consolidated Engineering Corporation to users 

5 J. A. Hipple, Gas analysis with the mass spectrometer, J. Applied Phys, 


13, 551 (1942), and manuels issued by the Westinghouse Electric Corporation 
to users. 
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Departures from the prescribed course were very 
few and of such a nature that no significant change 
was expected or observed. Perhaps the greatest 
variation was in the calibrating substances used, 
some of which were obtained from different sources 
and were not of uniform purity. 

Thus, to both 
methods, this series of cooperative analyses was 
standardization 


with respect apparatus and 


accorded the convenience of 
which was unofficial but none the less real; and 
while this may or may not have been a factor in 
the accuracy achieved, it must have affected the 
over-all reproducibility. 


II. Standard Natural Gas Sample ASTM 
D-3-VII-3 


The preparation of the standard sample of the 
natural-gas type, identified as ASTM D-3-—VII-2, 
which was used in the cooperative analysis by 
volumetric chemical methods, has been described 
in detail in Bureau Research Paper RP1759.° 
The account given in RP1759 will serve to estab- 
lish the complete history of the present sample, 
ASTM D-3-VII-3, which was analyzed by the 
mass spectrometer—as the No. 2 and No. 3 
samples were identical. This was not disclosed 
when No. 3 was issued, and accordingly it was 
analyzed as a blind sample. In general, it did 
not find its way into the same laboratories that 
had performed the chemical analyses. In a few 
cases, however, the results obtained by the mass 
spectrometer came under the same reviewing eye 
as had those obtained by the chemical methods. 
How many positive correlations were made is not 
known. In only one case was a puzzled sus- 
picion voiced. 

Sample ASTM D-—3-VII-3 was issued in the 
same type of cylinder as that used for the No. 2 
sample, and the instructions for transferring it to 
the spectrometer without contamination were 
essentially the same as those given for the previous 
sample (see RP1759). This information will 
accordingly not be repeated here. 

Having thus put chemical and physical methods 
competition, it is of considerable 


The part of the 


story concerned with the analysis by the mass 


into direct 
interest to see what happened. 


spectrometer is given in this paper. (An addi- 


See footnote 3. 


tional report comparing the chemical snd phy, 
analysis is in preparation.) 


III. Analytical Results 


All of the analytical data submitted hay, 
tabulated, together with the average yy 
derived from each laboratory series; but thy 
templation of these data for a considera), 
would not serve to reveal what may be seep , 
glance when these same data are presented 
series of frequency-distribution plots. Ace 
ingly, these plots, which amount to actual pict 
of the analytical results, have been chosen as 
best method of presentation and what few 
marks seem justified have been included i) 
legends of the corresponding plots. 

In the plots each circle represents a valy 
rived from a single determination of the ; 
stance whose name appears in the legend 
circles are plotted equidistant on the ordi 
corresponding to their values. Thus, the abscisss 
are values derived from the analyses, and tly 
ordinates indicate the frequency with which thes 
values occur. For example, the lower sectior 
the frequency-distribution plot for methane 
1) shows that one determination gave the 
75.4 percent, two determinations gave 75.5 
cent, one gave 76.0 percent, one gave 76.4 
gave 76.7, eight gave 76.8, and so on. The | 
section of this plot is marked C+ W, and shows 
of the 118 determinations of methane made 
both the Consolidated and Westinghouse inst: 
ments. In the middle section, marked W 
Westinghouse results are separately plotted. 
top section shows the averages from each of ( 
laboratories (or perhaps more properly, from 
of the instruments, since there were 20 lab 
tories and 21 instruments). In this section the ‘ 
values are indicated with open circles. 


- 


These conventions are carried throughout 
In some cases, where relative! 
(ofter 


group of plots. 
few determinations of a component 
tually not in the sample) have been report 
division of the plot into three sections has 
been necessary, for there are neither W values 
With these conventions 
plots cat 


laboratory averages. 
mind, the frequency-distribution 
studied. 
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Figure | Freque ney-distribution plot for methane 


All determinations are given in the lower section (C+W), and those made 
by the W instruments are given separately in the middle section (W The 
upper section shows the averages from each of the laboratories. The analyses 
yielded values over a range of 4.6 percent, although 80 percent of the deter 
minations were confined to a range of 1.8 percent. Within this lesser range, 
the distribution is fairly even, with no tendency to a greater frequency at any 
value, and with an arithmetical mean of 77.6+0.5. The mean of the whole 
group is 77.7, and that of the laboratory averages is 77.5+0.6. Outside values 
appear in both the W and C determinations. The + values noted indicate 
reproducibility expressed as the average absolute deviation from the average 


given 


FiGuRE 2 F equenc y-distribution plot for ethane. 


rhe three sections of the plot follow the same convention used in the plot 
for methane The analyses yielded values ranging over 2.3 percent, with a 
mean value of 14.9. The greatest frequency appears at 14.7 percent. Eighty 
percent of the determinations are confined within a range of 1.1 percent; the 
mean of this group is 14.9+0.3. The mean of the laboratory averages, ex 
clusive of the two outside values, is 14.8 +0.2 Some of the W values are 


not in agreement with the general group 
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Fiaure 3.—Frequency-distribution plots for carbon dioxide, 


ethylene, and propylene 

Carbon dioride.The greatest frequency appears at 1.0 percent. The 
arithmetical mean of the whole group is 0.04; but with the low W values 
excluded, the mean is 1.00. The most probable value, based on determina- 
tions within 0.1 percent of the value of greatest frequency, is 1.00+0.08 per 
cent. Volumetric chemical analysis in an all-glass apparatus gave the value 
1.00-+-0.02 percent 

Ethylene .—Was reported in nearly half of the analyses—51 out of 118 deter 
minations—and by 10 of the 21 instrument-laboratory combinations. The 
greatest frequency appears at 0.1 percent, and the mean of all plotted values 


is 0.26 percent. All three of the W instruments reported this hydrocarbon; 


C instruments were not so unanimous, although 7 of the 18 indicated its 
The uncertainty of opinion as to whether or not ethylene was 


There was no 


presence 
present—43 percent for and 57 percent against—is interesting 
such uncertainty concerning propylene. In this connection, there was no 
positive correlation between low propylene and the presence of ethylene, 

Propylene.— Although only about half of the analyses appeared to separate 
ethylene as a constituent of this sample, the identification of propylene was 
almost unanimous. Propylene was reported in 114 of 118 determinations, 
with the greatest frequency at 0.2, a mean of 0.2+0.04, and a mean of 0.2+0.08 
for the laboratory averages. W instruments tend to the value 0.1 rather than 
0.2. The total spread, 0 to 0.3 percent, and the high frequency at 0.2 per- 
cent attest the remarkable resolving power of the mass spectrometer in this 
instance. Special chemical analysis gave the result 0.19+0.04 as the total 
amount of C,H, in this sample 
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Figure 4.—Frequency-distribution plots for propane 
for various gases not in the sample 
Propane.—These values spread over a range of only 1.2 percent 
mean value of 2.7. Seventy-eight percent of the determination 
0.4 percent, with a mean value of 2.8+0.06. The greatest frequency 
percent The W values are well within the general group. The 
the laboratory averages, excluding the two low values, is 2.844 

Carbon monoride.—Only 9 of the 118 analyses “discovered” carbor 
oxide. The distribution was random, and it is quite evident that 
CO have been confused in some of the reported instances. There was 
in this sample. NBS colorimetric indicating tubes were used to pri 
fact. (Martin Shepherd, A preliminary report on the NBS colorimetr 
cating gel for the rapid determination of small amounts of carbon m 
Anal. Chem. 19, 77 (1947 

Orygen 
examined) 


Reported in 27 out of 118 determinations (23 percent of the sa 
rhe distribution was random. Smaller amounts may 
been significant, and larger amounts represented contaminat 
probably in transferring the sample to the spectrometer The 
contained no oxygen. 
Hydrogen.— Found in 11 of the 118 analyses, always in small 


with random distribution There was no hydrogen in the 


absence was established (within +0.001 percent) by separation at t! 
ature of liquid hydrogen, using the apparatus and methods cescril 
Bureau Research Paper RP75 

Rutenes.—Only 6 of 118 determinations indicate the presence of bu 
small amounts (0.08 to 0.1 percent It is very doubtful if bute 
present in this sample. 

Rutanes.— Reported in 15 of 118 determinations, in small amount 
from 0.02 to 0.1 percent, and with random distribution. It is possihk 
the sample may have contained about 0.05 percent of n+ isobutane 
is not certain. One laboratory analyzed a fraction of this sample cond 
at low temperature, thus increasing the relative proportion of C, hydroc 
if present. No Cy component was identified 
The three Westinghouse instruments did not re| 


CO, He, Oo, or Cy hydrocarbons. 
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FicureE 5.—Frequency-distribution plot for nitrogen, 


Results for nitrogen are somewhat scattered over a range of 3.3 percent, 
with the greatest frequency at 3.4 percent. This casts some doubt upon the 
composition of the mixture with respect to this component. The mean of 
all determinations is 3.4, while the mean of values from 3.0 to 4.0 percent 


inclusive, representing 71 percent of the whole group, is 3.54+0.3. The 





laboratory averages ranged from 2.2 to 4.6 percent, with a mean of 3.5+0.5. 
Nitrogen was reported in 114 of the 118 determinations, but in four 
cases, nitrogen was identified as carbon monoxide The W values are gener- 
ally consistent with the best values to be derived. Volumetric chemical 
analysis in all-glass apparatus with direct measurement of residual inert gas 
gave the value 3.5+0.1 percent for this sample 
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Ficure 6. Frequency-distribution plot for the calculated 
heating value. 


Ihe measured heating value of this sample was 1,105+4 Btu/ft® (measure- 


ments were made with the Junker’s calorimeter by J. H. Eiseman and R 





Jessup of the National Bureau of Standards. This value was originally 
reported as 1,103 in RP1759, but the procedures for calculation as given in the 
new ASTM Tentative Method of Test for the Calorific Value of Gaseous 
Fuels by the Water-Flow Calorimeter, ASTM Designation D900-46T, 
shifts the value to 1,105 Btu/ft The values calculated from anatyses by 





the mass spectrometer are generally higher than the measured value and 
extend over 42 Btu/ft The highest frequency appears at 1,111 Btu/ft 

The mean of all values is 1,111. The mean of values from 1,100 to 1,121, in 
clusive (about 85 percent of all determinations) is 1,112+4.4. The mean of 
the laboratory averages is 1,111+6. The W values are consistent with the 
more gregarious of the group. Values derived from the spectrometric analyses 


are thus higher than the measured value 


Re 
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Before laying aside the frequency-distribution 
plots, a few high lights may be reviewed. 

In dealing with about 77 percent of methane in 
a sample of natural gas, when relatively few 
determinations are made with one spectrometer 
selected at random, it is obviously not sensible to 
think in terms of tenths of a percent when the 
results obtained by the single spectrometer are to 
be compared with those of another selected at 
random. 


Such amounts may as well be reported 


to the nearest whole percent. Nearly the same 
can be said regarding amounts of ethane near 15 
percent. However, propane in amounts around 
3 percent can conscientiously be reported to the 
nearest tenth percent; and propylene present to 
the extent of 0.2 percent can probably be estimated 
to hundredths of a percent. But while 3 percent 
of propane can be reported to the nearest tenth 


Thus, a 


percent, 3 percent of nitrogen cannot. 
simple arithmetical convention for rounding out 
values, which is based only on the order of magni- 
tude of the value, is not dependable 

The astonishing ability to detect and estimate 
properly 0.2 percent of propylene has been noted. 
But it is also evident that the mass spectrometer, 
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Ficure 7 Freque ney-distribution plot fo 


specific gravity. 


Ihe measured specific gravity of this sample was 0.68204 
Carroll Creitz For details of this measurement, see N} 
Publication M177, “Tests of instruments for the determinat 
recording of the specific gravities of gases” Phe specific 
from the analyses by the mass spectrometer spreads fron 
if the three high values are excluded, this range is narr 
of 0.114 
group seems slightly lower than the true valu Ihe 


lhe results are evenly distributed with no appar: 


three high values again eliminated) is 0.681+0.004. Thu 
mum deviation from the known value js 1.3 percent of this 
deviation is 0.6 percent The W values are mostly lower 
value The mean of the laboratory averages is 0.482+0.004 
values are in excellent agreement with the known value 


with its great sensitivity for small amount 
many gases, is not infrequently capable of de! 
ing gases actually not in the sample under ex 
ination. There are some who stoutly mai 
that this is no fault of the spectrometers 
obviously it is no virtue. 

Although some of the plots show a fairly 
distribution of values, in general, this horizo 
displacement illustrating poor reproducibilit 
not so great here as for the corresponding cl 
ical determinations previously reported 
comparison, some of the chemical determina‘ 
The Westinglh 


instruments did show some individuality —eno 


were inconveniently various. 
to cause speculation as to what would 
happened had there been as many kinds of mas 
spectrometers and ways of using them as | 
were kinds of the volumetric chemical appar 
and ways of using them. The present 
standardization of gas analysis by the 
spectrometer should be incorporated in a 
tive standard before it is too late. 

The plots have not shown the reproduc! 
between different 


achieved computers Wo 


See footnote 3 
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ime spectrogram, and between different 
ms of this sample obtained on the same 
er. The reports disclose almost exact 


in most cases between two computers 


terpreting, and computing the same 


n Disagreements did not exceed 0.1 


wr the 
On the other hand, two spectrograms 


components present in largest 
h the same spectrometer usually differed 
Dis- 
»ereements of 0.4 or 0.5 were fairly frequent, and 
ncreement to 0.1 was usually not achieved. Ap- 
wrently checks or 0.2 to 0.3 percent represented 
w average best work. But it should be remem- 
wred that these variations represent the work of 


by amounts ranging from 0.1 to 0.8 percent. 


single laboratory, and do not represent the 
variations among all of the laboratories. 
Finally, the composition as 


etermined by all of the mass spectrometers can 


most probable 


he set down: 


Pereent 
(mole or 
volume 


Component 


Methane 
Ethane 
Nitrogen 
Propylene 
Propane 
Carbon  diox- 


ide. 


arithmetical 
They 
lso represent the medians in every case but that 
f ethane, where the median is 14.7. Four of the 
iX means were weighted after inspection of the 


These values correspond to the 
neans noted in the legends of the figures. 


requency-distribution plot, which indicate how 
Unfortunately, this 
rocess usually involves some personal judgment 


rogues nay be weeded out. 


snd is questionable in direct proportion to the 
udgment invoked. 

In the 
ollows: (1 


present instance, the argument is as 
In case of methane and ethane, one 
{the W instruments yielded a consistently high 
nethane and a low ethane. This pattern strongly 
iggests a systematic error (for which an ex- 
Manation is already at hand). Other values dis- 
arded were obviously away from the main block 


i determinations. Ethane remains in question, 


ice the mode and median are 0.2 percent lower 
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than the mean of all values or the weighted mean, 
while the weighted mean and the median agree for 
methane, and are only 0.1 percent lower than the 
mean of all values. (2) In the case of nitrogen, 
the mode is 0.1 percent lower than the weighted 
mean, unweighted mean, and median, all three of 
which are in agreement. (3) The mode, median, 
and unweighted mean for propylene are all in 
agreement, and no need for a weighted mean is 
evident. (4) The values from 2.6 to 2.9, inclu- 
sive, have been selected in the ease of propane for 
the weighted mean, which is 0.1 percent higher 
than the mean for all values—a difference obtained 
by including obvious rogues around 2 percent 

Median and 
mean. (5) In 


in the mean for all determinations. 
mode with the 
weighing the values for carbon dioxide the mode 


agree selected 
was strongly influential, as was the knowledge 
derived from many chemical determinations of 
this component in the same sample. The chem- 
ical mode and mean, and the spectrometric mode, 
median, and weighted mean are all in agreement. 
The preponderance of low values in the W group 


suggests a systematic error. 


IV. Calibrating Gases and Times of 
Calibration as Affecting Accuracy 


The following observations should be qualified 
immediately by stating that the term “accuracy” 
is not used in its strictest sense, but is taken for 
the moment to mean agreement with the most 
probable values determined by all the spectrome- 
ters, which were noted in the foregoing section. 
It is known that inaccuracies occured when com- 


The 


real composition of the sample with respect to 


ponents known to be absent were reported. 


nitrogen (more strictly, inert), carbon dioxide, 

an . 
and propylene is closely known. The composi- 
tion with respect to methane, ethane, and pro- 
pane can be estimated rather well, but is not known 
to an order of magnitude better than the analytical 


With these 


qualifications in mind, the facts concerning cali- 


resolution of the mass spectrometer. 


brating gases and time of calibration may be 
considered. 

There were a number of sources of calibrating 
gases. In general, the hydrocarbons came from 
Phillips Petroleum Co., Ohio Chemical & Manu- 
facturing Co., Matheson Chemical Co. and the 
Southern California Gas Co. The stated purity 
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of the various gases ranged from 98 to 99+ 
Nitrogen and oxygen were derived from 


per- 
cent, 
the commercial compressed gases, or the calibra- 
tion air. Carbon 
obtained by the sublimation of the solid or from 
Occasionally some of 


was made with dioxide was 
a cylinder of the liquid. 
these gases were purified by distillation or pre- 
pared at home by the laboratory that used them 
for the calibrations. These cases were exceptional, 
and in only one instance was the entire list of 
calibrating gases given this especial treatment by 
a laboratory obviously not inclined to take chances. 
Since there was but this single case, it may not 
be worth noting that this laboratory reported 
results which in all cases checked the most proba- 
ble or the known values to 0.1 percent or closer, 
a record not equaled elsewhere. 

It might be expected that the apparent lack of 
strict standardization of calibrating gases would 
be a significant factor affecting accuracy, and 
indeed this may have been true. But aside from 
the case just cited, there is no direct evidence of 
this. 
of calibrating gas and the amount or direction of 
the deviation from probable or known values. 


There is no correlation between the source 


The correlation in the exceptional case may have 
as its real basis, not the purity of calibrating 
substances, but the fact that an operator who 
insisted upon very unusual care in the preparation 
of pure calibrating gases would be more than likely 
to exercise very unusual care in the subsequent 
analyses. 

It might further be expected that more reliance 
could be placed upon analyses that were com- 
puted with calibrating patterns obtained at the 
same time as the pattern of the unknown. This 
assumption remains reasonable, even though the 
reports again failed to show a definite correlation 
between accuracy and the relative time of cali- 
bration and analysis. In a majority of the cases, 
the calibration patterns were obtained within a 
week of the patterns for the unknown sample. 





In many cases, calibration and analysi 
within 24 hours of one another. 


enough calibrations made 1, 2, or 


mad 
But e We! 


eve monthd 


preceding the analysis to show any nden 


toward loss of accuracy from this caus: —and yy 


such tendency appeared in the data mitted 


The conclusion is that, for the pres: oth 
factors are more important. But this conelysio 
does not justify failure to calibrate as often a4 


one desires to know what really goes on. Cor 
tainly too little is known about these 
and until more information is availabk 


matters 
and tl] 
proper requirements are finally developed, 

seems reasonable to proceed with greater ea 
than may be necessary. 


V. Conclusions 


The particular needs are a better reprodw 
bility for methane, ethane, and nitrogen, and les 
enthusiasm in the matter of reporting component4 
actually not present. The tendency toward too, 
high calculated heating values suggests an in 
balance between the lighter and heavier hydr 
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Nat 





But in general the reproducibility at 
tained was better than that of the 
methods. One reason for this would appear 
be a fair degree of standardization which exis 


carbons. 
chemica 


because the method is new and has not yet be: 
subject to great variation of apparatus and pr 
cedure. Somehow, the advantage of this stand- 
ardization should be captured. An ASTM sta: 

ard is planned as one means of doing this. 


Jean Doyle and Marthada Vaughn Kilda 
checked the calculations of heating value a 
specific gravity, and this assistance is grateful 
acknowledged. Churchill Eisenhart and Celis 
Martin of the Bureau’s Statistical Engineering 
Section corrected errors in the frequency-distrib 


tion plots. 
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Journal of Resear: 





In 








mad 


Wer 


monthd 


hden 


and no 


MUT Lex 
Othe 
‘ nelusio 
S olten a 
on. C 
© Ihatters 
le and tl 
eloped, 


eater ca 


reprodu 
n, and les 
ymponent” 
ward too 
ts an in 
ier hydr 


artment of Commerce 
Bureau of Standards 


U.S 
Nat 


Research Paper RP1790 
Volume 38, May 1947 


Part of the Journal! of Research of the National Bureau of Standards 





Infrared Emission Spectra of Krypton and Argon 


By Curtis J. Humphreys and Earle K. Plyler 


The analysis of the spectra of the noble atmospheric gases, utilizing descriptive data 
covering the photographically accessible region, has long indicated the possibility of a con- 
siderable extension of most of these spectra into the infrared region beyond 1.3 microns. 
Observations of the spectra of krypton and argon, in the region between 1 and 2 microns, have 


been made with a Perkin-Elmer spectrometer, fitted with a flint-glass prism cut to an angle 


of 55 degrees. 


unresolved pairs or groups. 


division on the wavelength drum. 
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new levels from the configuration s*p'f have been found. 


More than 15 new lines of krypton have been observed. 


being represented by combinations of the type 2p—3d, according to Paschen’s notation. 


The sources were Geissler tubes, used in previously reported work. 


Part of these are blends of 


The emission maxima have been determined in favorable cases 
to a precision of two wave numbers, roughly equivalent to one-tenth of the smallest scale 


All observed lines have been classified, the most intense 


Two 


The remaining unobserved com- 


binations of the type l1s—-2p, occurring in this region, are, with one exception, too weak to 


be observed. 


combinations are in the photographic region than in the case of krypton, 


1.4 microns have been observed. 


I. Introduction 


The spectra originating in the neutral atoms of 
the noble atmospheric gases, neon, argon, krypton, 
and Xenon, are among the most thoroughly studied 
f all line spectra observed and described to date. 
Examination of published data reveals very few 
lines of appreciable intensity that have not been 
fitted into a scheme of energy levels in accordance 
with the theory now universally accepted. 

The first detailed and relatively complete analy- 
sis of any of the first spectra of the noble gases 
was that of neon, published by Paschen [1] * in 
919. Paschen used a special notation to repre- 
sent the spectral terms of neon. His system has 
been generally followed by other investigators 
reporting on the first spectra of the remaining 
noble gases, and is used in this paper. 

The first spectrum of argon was classified by 
Meissner and reported in a series of papers begin- 


r n brackets indicate the literature references at the end of this 


Infrared Emission Spectra 


The argon infrared spectrum was observed by Paschen. 


More of its predicted 


A few lines near 


ning in 1926 [2]. In 1929 Gremmer [3] published 
the classification of the more prominent lines. 
He also extended the analysis of neon and argon 
in the photographically accessible infrared [4] 
In 1929 also, Meggers, de Bruin, and Humphreys 
[5] published a detailed analysis of the first 
spectrum of krypton. 
making available double the number of lines per- 


Improved observations 
mitted a further extension of this classification in 
1931 [6], with some minor revisions. A new paper 
by Gremmer [7] showed how all discrepancies 
between his analysis and that of Meggers, de 
Bruin, and Humphreys could be 
Additional lines in the 
reported by Rasmussen [8]. 


red and infrared were 

The first spectrum of xenon was classified by 
Meggers, de Bruin, and Humphreys [9], with a 
subsequent revision and extension by Meggers 
and Humphreys [10]. Gremmer [11] also pub- 
lished an analysis in essential agreement with that 
of the named. Rasmussen [8] 


authors just 
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extended the classification and contributed addi- 
tional infrared data. 

The above résumé of work on the first spectra 
of the noble gases is by no means complete. It 
includes references only to papers in which the 
analyses were brought to essentially their present 
form. The publications cited, however, give the 
complete history of the subject back to the dis- 
covery of these elements. 

As soon as the energy-level systems for the 
noble gas atoms were fairly well established, it 
became evident that many relatively intense lines 
should occur in the infrared. The discovery of 
improved sensitizers for photographic plates has 
permitted a number of extensions of these spectra 
in the direction of greater wavelengths. Meggers 
and Humphreys published a paper on the infrared 
spectra of neon, argon, and krypton in 1933 [12]. 
Photographic observations as far as 12,000 A were 
reported. The paper also listed radiometric 
observations previously published by 
[13] on argon, and by Hardy [14] on neon. 
plete term tables were given, incorporating the 
extensions permitted by the new data. These 
tables should be consulted in order to understand 
the discussion of the location of infrared lines as 
given in succeeding paragraphs. A later publi- 
Meggers [15] gives wavelengths and 


Paschen 
Com- 


cation by 
classifications of helium, neon, argon, krypton, 


and xenon lines as far as 13,000 A. These obser- 


vations were made with Z-type Eastman plates 
and represent the present limit of photographic 
silver halide emulsions 


observations, utilizing 


incorporating photosensitizing dyes. 


II. Location of Infrared Emission Lines 


In conformity with generally observed char- 
acteristics of the spectra of homologous elements, 
there is a shift of analogous term combinations 
toward longer wavelengths as one goes from ele- 
ments of lower to those of higher atomic number 
in the array of noble gases. In the first spectrum 
of neon most of the 1s—-2p combinations are in 
the yellow, orange, and red regions and give the 
discharge its color. The 2p-3d 
combinations are in the photographically acces- 
appear with 


characteristic 


sible infraréd region, and great 
intensity on plates treated with special sensitizers. 
The only combinations, in neon 1, out of the 
range of photography in the infrared, are those 


of the 3d levels with the levels originating in the 
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lowest f-electron configuration, and p. -sibly , 


many as eight combinations of the typ. 2 p-9 

In argon 1, fewer 1s-2p combinations se jp jj, 
visible region than in neon 1, but all of ‘hem ey 
be photographed. About half of the 2p 3d com. 
binations are in the photographic ra: Th 
others are to be expected between 1.3 ind 3 y 
The d-f combinations involving lowest possi) 
total quantum numbers are almost all just beyon, 
Combinations of th 
type 2p-2s are in approximately the same regi 
as 2p-3d, and all the 2s levels have been est, 
lished by photographic observations. 

The structure of krypton closely resemb|« 
that of argon with a somewhat greater displac. 
ment of analogous combinations toward greate 
Five of the 1s—2p combinations a 


x 


the photographic region. 


wavelengths. 
beyond the range of photography, and extend a 
faras2y4. The 2p-3d combinations are predicted 
in the range between 1 and 10 yu, a few being 
of still greater wavelength. A number of thes 
transitions have been observed photographical) 
namely, in instances where the p-level series con- 
verges to the lower, and the d-level to the higher 
ion limit. The d—/ combinations of first member 
of these series are, with a few exceptions, of 
wavelength too great for photography. T! 
second members of the s-series are of about t! 
same magnitude as the first members of the 
series. This brings the 2p—2s combinations with 
the same range as those of the type 2p—3d. 
The predicted distribution of xenon lines in t! 
infrared is considerably different from that of th 
other noble gases. Five 1s—2p combinations hay 
not been observed. 
the infrared for the radiation to be transmitt 
by the glass enclosures of the sources used in this 
work. They hetwer 
levels converging to different 


They are all too far out 


are also combinations 
limits and not 
expected to be very intense. The 2p and 

levels are of about the same magnitude, placing 
the combinations for the most part beyond t 
range of glass transmission. The interlimit tran- 
sitions of the 2p—3d type fall mestly in the photo- 
graphic range. This results from the very lar 
difference between the ion limits amounting 
10,540 ecm~'. The d-f combinations fall in 


photographic range. Only one of the 2» le’ 


th 


is known. 
It may be concluded that, of these spectr 
krypton 1, and argon 1, may be expected to ha' 
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number of intense combinations 
and 2u. Almost all intense neon lines 
ographed, whereas xenon has a very 
ulated region between the photo- 
and about 5u. These considerations 
t krypton and argon are the most 
ff the noble gases for study in the 
beyond the limits of photography, 


ch the glass enclosures of available 


omising 
L possih : 
ron |} 

st bevond 


is of the 


it reg) 


transparent. 


III. Observations 


The sources used in the earlier observations at 
National Bureau of Standards were, for the 
made by Robert 
in Leipzig, and of special construction 


eT) esta 


resemb| . 


displace. part, Geissler tubes, 
d greater 
LLiONS arf -mitting end-on illumination of the spectrometer 
extend as Several.of these tubes were still in excellent 
predict 


ew being 


bidition, and were made available for these 
servations by the kindness of W. F. Meggers, 
Of these the 


iphical \ 


Jureau’s Spectroscopy Section. 
Perkin-Elmer model 12A 
iipped with a General Motors amplifier and 


spectrometer, 
‘TICS COn- 


he higherMown recorder, was used as the dispersing, de- 


memDers 


cting, and recording system. Only slight modi- 


ns, Ol ations of this system were needed. The housing 


1yY. Thelvering the projecting system was lifted, and the 


bout tl ane mirror rotated by a sufficient amount to 
of the 


ns with 
d 


es in 


rmit forming on the entrance slit an image of 
emission source, which was mounted beside 
globar housing The first recordings were 
These 


rved to establish the existence of the emission 


ule with the reck-salt prism in place. 
at of tl 


ons have Mectrum in the region between 1.3 and something 
ir out er 2u. This, however, is near to the region of 
Asmat nimum dispersion for rocksalt, so that the 


d in ths Minditions for wavelength measurement are un- 


between I vorable Subsequently, a flint-glass prism cut 


and not HM an angle of 55 degrees was mounted in the 


and 


wetrometer. This angle was calculated to per- 


placing Mit operating the instrument within the range of 
ond tl allable wavelength dial settings without chang- 
nit tral: Be thi By a 


oper selection of the prism angle, it is possible 


setting of the Littrow mirror. 


e phot , 
interchange prisms of different materials with- 
any readjustment of the other components, 

i to maintain the calibration for each prism. 
Wavelength calibration was obtained by use of 
H-4 mercury lamp. This is a source of high 
tensity and is steady in operation. The are 
im appears as a thin line when the source is 
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warmed up, permitting a large concentration of 
energy in the slit opening. With this source it 
was possible to work with slit openings of 15 x, 
The mer- 
cury spectrum in the infrared is well known from 
the observations of McAlister [16], who used a 


and in some instances down to 12 xz. 


glass multiprism spectrometer of high resolution, 
obtaining wave numbers that agreed remarkably 
well with those calculated from the known level 
scheme. The dial settings corresponding with 
the emission peaks of the mercury lines were de- 
termined from the averages of six recordings, and 
can be established to within one-tenth of a scale 
The mercury spectrum gives a good 
The weak- 
ness of this array in a prismatic spectrum is that 


division. 
distribution of lines up to nearly 2 x. 


the four strongest lines at the longer wavelength 
end, namely, 1.6919, 1.6935, 1.7073, and 1.7108 4, 
appear as two emission peaks, each consisting of 


an unresolved pair. 
l 


The latter pair has a sep- 
aration of 12 em™ in wave number and is just 
beyond the practical limit of resolution at this 
setting. The averages of the wave numbers of 
the respective pairs were adopted as the values 
for the observed peaks. It is expected that more 
satisfactory standards for the 2-u region can be 
found when more intense sources are available. 
Possibilities are the helium line at 2.058 u and the 
hydrogen line at 1.875 uw, the latter being the first 
The wave numbers of 
the mercury lines were plotted against observed 


line of the Paschen series. 


dial settings to give the calibration curve. 

The noble gas sources were operated in the usual 
manner by connecting the tubes directly to the 
12,000 
A variable-voltage transformer was 


secondary of a sign transformer, rated at 
v, 200 va. 
placed in the primary to control the input voltage 
so as to prevent overloading. The energy output 
of these tubes was extremely small as compared 
with the mercury source. It was necessary in 
general to operate the amplifier gain setting as 
high as possible. This required unusually good 
operating conditions in the room because very 
slight temperature changes caused a large amount 
of zero drift. The slit settings were kept as small 
as possible, consistent with reasonable deflections, 
but in general it was necessary to operate in the 
range of slit-width settings between 60 and 120 x. 
Repeated runs were made with different amplifier 
gains and different slit widths, chosen to give the 
best record of characteristic features. Thus the 
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most intense lines could be observed with narrower 
slits and lower amplifier gains, whereas it was 
necessary to increase both to the practical limit in 
order to obtain the faintest lines. It was en- 
couraging to find, however, that the sharpest 
maxima could be determined with a precision of 
about one-tenth of a scale division from repeated 
records. The less well-defined maxima are prob- 
ably fixed with a precision about half as great. 
At 6,000 em™, 


about 15 wave numbers, when the glass prism is 


a scale division corresponds to 


in place. 

The portions of the red and infrared spectra of 
krypton and argon falling within the range of 
photographic observation have been reobserved 
by the methods reported in this paper. The 
wavelengths of the lines so observed were found 
to conform with the system of mercury standards 
and with the noble gas lines of lesser wavelength. 
lines have already been 


Inasmuch as these 


observed with a precision that could not be 
matched with the radiometric technic used in 
this work, they are not listed in this paper except 


where classified on the basis of new observations. 


IV. Discussion of Results 


The results obtained for krypton, together with 
their interpretation, are shown in table 1. Here 
are shown observed wave numbers and corre- 
sponding wavelengths, estimated intensities on a 
scale 1 to 10, calculated wave numbers, and inter- 
pretation as combinations of levels. The first 
two lines entered in the table were observed, but, 
inasmuch as the calibration curve obtained from 
mercury lines cannot be extrapolated with reason- 
able accuracy beyond about 1.7 yw, only the wave 
numbers, computed from known level values, are 
listed. 

The surprising feature of this spectrum is the 
failure of the previously unobserved 1s—2p com- 
bination to appear with appreciable intensity. 
The line with adopted wave number 5,322 classi- 
fied 1sy-2py is the only one of this group appearing 
with sufficient iptensity to be observed by the 
Bureau’s present equipment. 

The most intense krypton lines observed are 
combinations of the type, 2p-3d. These can be 
classified both on the basis of computed wave 
numbers and the intensities of the higher members 
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of the respective series, all of which a: obs 
The fact that the « binat 
2ps-3d, and 2p,-3d, show the highest intens: 


photographically. 


among this group is in accordance wi' eXDect 
tions. The line observed at 5,930 em—' jg » 
stronger than any of the others. As noted jy; 
table, it is possible that five different lines | 
contribute to this maximum. 
widths that were required, it is probable that ; 
limit of resolution when using the noble 
sources was not better than about 25 em— 
that these ambiguities cannot be avoided 
the technic can be improved. 


Considering the ¢ 


TABLE 1.—List of Kr 1 lines 


Intensity erm combinatio 


Microns 


£79 
2 


7, 700 
S191. 43 
8250. 06 


» Wave lengths given by W. F. Meggers 


There are a number of combinations o/ 
type 2p-2s. However, there is still no evide 
for the missing 2s, term. As it has not 
found from photographic data, only a com! 
tion involving 2p, or 2p, could reveal it 

The remaining lines are classified as com! 
tions of f-type levels. Two of these desig 
4U and 4W, are new. It is interesting to 
that they explain two previously unclassi 
lines given by Meggers, at wave numbers 82 
and 8191.43. The level 
with the latest revision of the krypton term | 


values, in accor 
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spective inner quantum numbers are 


4U, 6926.04, 7=4 
4W, 6867.41, 7 


imental evidence for these new levels 
pearance of two constant differences, 
between the lines 8191.43 and 7,760 

to the difference between 3d, and 


noble » second, between the lines 8,250.06 


vem equal to the difference between 


79 em 


oided j | al 3d... 


Each of these differences estab- 
lished a new level. Additional evidence that re- 
moves any doubt as to the reality of these levels, 
s that extrapolation of the hitherto incomplete 

ries, designated U and W, back to their respec- 
tive first members, gives values practically identi- 
cal with those experimentally determined for the 
two new levels. It becomes apparent therefore, 
that these levels are the first members of the 
land W series, and the reason for the choice of 
designation is obvious. These f-type series are 
nearly hydrogenic and can be readily extrapolated 
by means of a Rydberg table [17]. 

Very few new data were obtained for the argon 
spectrum, since most of it is in the photographic- 
ally accessible region. ‘Two of the lines observed 
by Paschen, 7402.9 and 7287.3 em-—', are those 
of greatest wavelength to appear with appreciable 
An emission peak at 7,477 cm-— 
probably 2p,—3d, , or 2p, 


Is 


ntensity 
2s, or a blend of these. 


V. Conclusion 


The infrared measurements reported in this 


paper are to be regarded as preliminary. The 
nvestigation was intended to demonstrate the 
feasibility of exciting these spectra with sufficient 

ms of 

O evicel 

not 


com 
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intensity for observation, and of operating with 
available apparatus and methods. Work is in 
progress on the design and construction of new 
apparatus for study of line emission spectra in the 
infrared. The principal unit is to be a grating 
spectrometer equipped with a grating ruled to 
concentrate the radiant energy in a_ selected 
Several such gratings will be available. 


A second improvement that must be made is the 


region. 


utilization of sources much 


greater concentration of incident radiation at the 


permitting very 


entrance slit of the spectrometer. 
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Dipole Moments and Resonance of Some Benzein 
Indicators and Related Compounds 


By Arthur A. Maryott and S. F. Acree 


An apparatus for the measurement of dielectric constants of liquids by the heterodyne 


method and, in particular, for the determination of dipole moments is described. 


moments (> 


1,4’-dihvdroxybenzophenone (4.49), 4-hydroxy-2-methyl-5-isopropylbenzophenone 
fuchsone (5.83), benzaurin (6.85), aurin (7.96), 
and a-naphtholbenzein (6.07) using dioxane as solvent. 


the quinoidal structure and have unusually large moments. 


Dipole 


10" electrostatic unit (esu)) are reported for, 4-hydroxybenzophenone (3.96), 


(3.59), 


o-cresolbenzein (6.70), thymolbenzein (6.67) 


The last six compounds contain 


The values are nearly double 


those found for the derivatives of benzophenone that have corresponding polar groups 


The influence of resonance involving highly dipolar excited structures in determining the 


actual state of these molecules is discussed. 


I. Introduction 


Development in recent years of the concept of 


:ntum-mechanical resonance has been of value 
nterpreting the physical and chemical behavior 
many types of organic molecules [1, 2].'. The 
relation between spectral absorption in the 
sible region by organic dyes and indicators and 
sonance has been emphasized by Bury [3]. A 
mber of investigators, but particularly Brooker 
coworkers [4], have had notable success in 
rpreting in terms of resonance certain char- 
teristics of absorption in colored organic 
ympounds 
Dipole moments of dyes and indicators are of 
terest in connection with the type of resonance 
hich includes highly dipolar structures, as illus- 
ted in figure 2 by structures II and III. The 
tual structure and charge distribution depend 
on the relative contributions from the various 
ructures involved in the When 
ihly dipolar structures contribute significantly, 
observed dipole moment differs from and is 
rally greater than that to be expected from a 


resonance. 


nsideration of the classical structure alone, and 
magnitude of this difference indicates the 
portance of these dipolar structures in the 


sonance 


rackets indicate the literature references at the end of this 
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The dipole moments of a-naphtholbenzein and 
thymolbenzein previously reported [5] were con- 
siderably larger than one would expect from a 
consideration of the classical structures alone. In 
the work now reported the measurements include 
other indicators of the benzein series and also 
some related hydroxybenzophenones that have 
corresponding Structurally, the 
benzeins, or hydroxyfuchsones, differ from the 
familiar phenolphthalein and phenolsulfonphtha- 
lein series of indicators only in not having the 


polar groups. 


carboxy! or sulfonic acid group. The compounds 
measured include 4-hydroxybenzophenone, 4,4’- 
dihydroxybenzophenone, 4-hydroxy-2-methyl-5- 
isopropylbenzophenone (thymolphenylketone), di- 
phenylquinomethane (fuchsone), 4’-hydroxyfuch- 
sone (benzaurin), 4’,4’’-dihydroxyfuchsone (aurin) 
4’-hydroxy-3,3’-dimethylfuchsone (o-cresolben- 
zein), 4’-hydroxy-3,3’-diisopropyl-6, 6’dimethyl- 
fuchsone (thymolbenzein), and a-naphtholbenzein. 
For brevity the names in parentheses will be used 
hereafter. The measurements were made with 
dioxane and, in several cases where solubility 
permitted, benzene as solvents. The moments 
found for fuchsone and the various hydroxyfuch- 
sones are much larger than those of benzophenone 
and the corresponding hydroxy derivatives and 
indicate that dipolar resonance structures make a 
state of 


significant contribution to the actual 


these molecules. 
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II. Materials 


Thiophene-free benzene was refluxed and dis- 
tilled over sodium just Technical 
dioxane was purified by the method recommended 
by Weissberger |6] and then distilled over sodium 
4-Hydroxybenzophenone 


before use. 


immediately before use. 
and 4,4’-dihydroxvbenzophenone were supplied 
by the Dow Chemical Co. The 4-hydroxybenzo- 
phenone was recrystallized from benzene, then 
from an ethanol-water mixture, and again from 
benzene. The melting point, 131° to 132° C did 
not change after the first recrystallization from 
benzene. The 4,4’-dihydroxybenzophenone was 
first washed with boiling benzene to extract the 
more soluble impurities and then recrystallized 
three times from an ethanol-water mixture. The 
melting 213° to 214° C. Purified 
samples of fuchsone and aurin were furnished by 
W. C. Bainbridge of H. Kohnstamm & Co., Inc.’ 
Purified samples of thymolbenzein and thymol- 
phenylketone were obtained from Cornell Uni- 
versity... a-Naphtholbenzein from Eastman Ko- 
dak Co. was twice recrystallized from glacial 
acetic acid. Additional recrystallization gave no 
further change in the molar absorption index 
determined with a Coleman model 10S spectro- 
Benzaurin was prepared by con- 


point was 


photometer. 
densation of phenol with benzotrichloride [7]. 
The crude material was purified by two recrys- 
tallizations from glacial acetic acid. The melting 
point was 238° to 240° C. All materials were 
dried to constant weight in a vacuum oven at 
about 110° C. Carbon and hydrogen micro- 
analyses were made by K. D. Fleischer on the 
following compounds: 


Found ‘alculated 


Thymolphenylketone 
Fuchsone 

Aurin 
Thymolbenzein 

a Naphtholbenzein 


? The authors express their appreciation to W. C. Bainbridge and coworkers 
for specially preparing and purifying these materials 
? These compounds were made available through the kindness of J. R. 


Johnson 
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Ill. Apparatus 


Measurements of capacitance were ‘nad 
heterodyne beat method [8]. A photograph of, 
assembled equipment is shown in figure | 
RCA-type 154 beat-frequency oscillator wit) 
following modification was 
The 450-uuf mica condens 


used as the 
frequency source. 
the tuned cireuit of the variable oscillatoy 

replaced by an equivalent capacitance consis 
of a General Radio Co. type 722-N direct-reg 
precision condenser in parallel with the cell used 
The fixed os 

tor, which had a fundamental 
approximately 350 ke, was left intact. The 


measuring dielectric constants. 
frequency 


voltage was stabilized by means of a volt 
stabilizer. The output of the oscillators 
coupled resistively with a 1,000-cycle tuning | 
electrically excited. The resulting beat not 
then audible in a set of earphones used as 
indicating device. 

The precision condenser was equipped wit 
micrometer worm-gear drive to supplement 
order to increase 


regular worm drive in 


precision of setting. The scale of the microm 
contained 50 divisions with each, corresponding 
The condens 
was calibrated by a step method using a cap 
tance of approximately 3 psf. A _ plot of 
calibration correction with respect to scale rea 


a capacitance of about 0.004 yuf. 


showed a very definite periodicity correspon 


with each revolution of the n 


worm drive. 


complete 


7 ae 
Ficure 1.—Assembly of apparatus showing air bal! 
front removed. 
1, Transfer flask, 77, cell; C, reference condenser and 


precision condenser; FE, beat frequency oscillator 
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Lace 
‘ uph of | 
rure | 
tor with 
; the 
LO idens 
Cillatoy 
© CODSist 


rect-re a 


cell used { 


xed os 
eq uency 

The it 
r 
llators 
tuning | 
At nots 


ised as 


ped wit 
lement 
crease 
microm 
sponding 
¢ cond 
£ a capi 
slot of 
‘ale rea 
rTrespon 


the 


1 VOlla 


; made of Pyrex glass, in which the 
electrodes were formed by deposi- 

vy silver mirror on the appropriate 

as surf Contacts between electredes and 


ds were by thin platinum wires sealed through 


» glass walls. The cell was made in two sec- 


hich fitted together by means of a ground- 


ms Wi 
3s joint. After deposition of the silver films, 


s joint was cemented rigidly in place. The 
ner section contained the ungrounded electrode 


th the lead, a rigidly mounted, small brass rod, 
sing up through the center. Contact between 
» platmum wire and rod was made with mercury 
d in place with cellulose nitrate cement. This 
.d was thoroughly shielded with a grounded brass 
be. The outer section contained, in addition 
the grounded electrode and lead, two enlarged 
ibs of about 100-ml capacity each. These 
ilbs served as a reservoir to accommodate excess 
lution required in the procedure for making up 
lutions of varying concentrations to be de- 
ribed. The minimum volume of liquid needed 
give constant capacitance was about 20 ml. 
interelectrode air capacitance was approxi- 
ately 40 puf. Calibration of the cell was made 
th freshly purified benzene using the data of 
artshorn and Oliver [9] for the dielectric 
nstant. 
As the oscillator frequency drifts with time, 
ne method is needed to eliminate the effect of 
s shift in frequency on the measured cell 
pacitance. Consequently, a reference air con- 
nser of approximately the same capacitance as 
at of the cell when filled with solvent was 
ranged so that it could be substituted for the 
ll by means of a low-capacitance switch. The 
e requued for settings was only a fraction of 
minute, so the difference in capacitance between 
cell and reference air condenser could be 
termined independently of any gradual drift in 
equency of the oscillator. 
An air bath was used to control the temperature 
the cell at 32°+0.04° C. The temperature and 
lative humidity of the room containing the com- 
te assembly were controlled at 25°+1° C and 
b+3 percent, respectively. The sensitivity and 
bility of the apparatus were such that a change 
1.0001 in dielectric constant could be detected. 
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IV. Experimental Procedure 


One of the chief sources of error in the determin- 
ation of dipole moments from measurements on 
highly dilute solutions arises from contamination 
of the solvent and solutions, particularly by 
moisture from the air, during handling. Con- 
sequently, the design of the cell and the procedure 
for making up the solutions of varying concentra- 
tions were such as to minimize handling and ex- 
posure to the air. The solvent was distilled 
directly into a specially designed transfer flask. 
Then, by means of dried compressed air, part of 
this solvent was transferred to the cell and part 
used in making up a stock solution of solute. 
Solutions of varying concentrations were made 
up directly in the cell by successive additions of 
this stock solution from a weight burette. After 
ach addition, mixing was accomplished by 
forcing, with dried compressed air, the solution 
into one of the bulbs and then into the other. 
When measurements of capacitance were ccm- 
pleted on the final solution, a portion of this 
solution was transferred to a picnometer for 
determination of density. The density of the 
same batch of pure solvent was also determined. 


V. Calculations and Data 


Calculation of the molar polarization at infinite 
dilution, P,. was made by using the following 
equation given by Hedestrand [10], in which the 
subscripts 1, 2, and 12 refer respectively to solvent, 
solute, and solution. 

3P, Ae P, Ad 


> M, 
Pre (a—l)(a+2)f. di fr 


+ Pig? 


(1) 
where 
dielectric constant 


€i2 


€; 

mole fraction 
density 
d,,—d, 


-molecular weight 


molar polarization of solvent. 











The dipole moment, u, was calculated from 


u=0.1281[(P; P,)T} 2107" esu, 


where 7 is the temperature in degrees Kelvin, and 
P, is the electronic polarization obtained by sum- 
mation of the atomic refractivities listed in Lan- 
dolt-Bérnstein Tabellen, fifth edition. 

The experimental and calculated data are given 
in table 1. A plot of Ae vs f, was linear in each 
case. The slope of this line given in the third 
column opposite zero concentration was used in 
the evaluation of P,<*. The separate values of 
Ae/f, for each concentration are also given for 
comparison. The average of these separate values 
agrees closely with the slope of the linear plot in 
all cases and shows that the lines pass through 
the origin, as should be the case. The three 
values of Ad/f, in parenthesis are based upon the 
estimated partial molar volumes of these com- 
pounds and the assumption of ideal mixing. In 
these cases the concentrations were rather low 
for the experimental determimations to be con- 


veniently made. Because of the relatively small 


magnitude of the term in eq 1 containing Ad/ f», 
the uncertainty in these estimates wil! have a 
practically negligible effect upon the dipole mo- 


ments calculated. As an example, a 20-percent 
error in this estimate would alter the moment 
calculated for aurin by only 0.1 percent. The 
dielectric constant of dioxane by comparison with 
that of benzene was found to be 2.210. The 
value for benzene at 32° C was taken as 2.260 [9]. 


‘ The method of obtaining ?. snd w by using the Hedestrand equation, 
which is the limiting form of the Debye equation as the concentration ap 
proaches zero, has certain advantages particularly for measurements on 
highly dilute solutions rhe amount of calculation is minimized and fre 
quently more reliable values are obtained than with the procedure usually 
employed, which involves a separate calculation of P; at each concentration 
and then extrapolation to infinite dilution As has been pointed out by 
Kumier [11], this latter method unduly weights one experimental point, 
namely, the dielectric constant of the solvent itself, so that a small error in 
its value may produce a relatively larger error in P)« and yu 4 linear vari- 
ation of Se with f/f: is characteristic of dilute solutions provided, of course, 
the solute is not appreciably associated A straight line not passing through 
the origin suggests an error in the dielectric constant of the pure solvent 
Errors attributable to this source have rather frequently led to incorrect 
values of the dipole moments when the usual method of calculation has been 
employed [11 

Similar considerations apply equally well to determinations of density 
except that errors in density are often much less critical. As densities vary 
practically linearly with concentration for dilute solutions, it is generally 
unnecessary to determine densities of more than one or two of the more 


concentrated solutions 


0000 
14u6 

S515 
M23 
ARTS 


Experimental and calculated di 


dipole moment, wu, 18 obtained 
p 


4-HYDROXYBENZOPHENONE IN DIOXNANE 


0. Ove2 
1157 
147 
1990 


4 -DINYDROXYBENZOPHENONE.IN DIOXANE 


THYMOLPHENYLEETONE IN DIOXANE 


0. 01908 
O397 
0433 


O56 


THY MOLPHENYLKETONE IN BENZENE 


0. 0059 
oO125 


oles 


FUCHSONE IN DIOXANE 


FUCHSONE IN BENZENE 


" 
4 
wm.0 
6.1 
“4.0 


BENZAURIN IN DIOXANE 


0.0111 
0231 
0357 
i450 
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mental and calculated data from which 


momen, u s obtained Continued 


P Px 


IN DIOXANE 


\ DIOXANE 


ILBENZEIN IN DIOXNANE 


ILBENZEIN IN BENZENE 


parent hese e based upon the estimated partial molar vol- 


mpounds and the assumption of ideal mixing 


VI. Discussion 


lhe dipole moments obtained in dioxane are 
din table 2. The conventional formulas for 
compounds are also shown. It is evident 
the moments of fuchsone and the various 


roxyfuchsones, or benzeins, are unusually 


ge. They range from 5.87 for fuchsone to 
lor aurin, and are generally nearly double the 
es predicted from the 


component group 


ents. Resonance involving the normal or 
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conventional structure and highly dipolar struc- 
tures evidently plays an important part in de- 
termining the actual state of these molecules. Of 
the numerous resonance structures possible, only 
three representative structures will be illustrated. 
Struc- 


ture I is the normal, or conventional, formula. 


These are shown for benzaurin in figure 2. 


It should be born in mind that, in addition to 
structures II and III, a number of other dipolar 
structures where the positive charge resides on an 
ortho or para carbon atom of either of the two 
benzene rings may contribute to the resonance 
Important contributions from structures like II 
might be anticipated because of the gain in Kekulé 
resonance energy through conversion of a quin- 
oidal ring to a benzene ring. 

To determine the effect of resonance on the 
dipole moments, it is necessary to know approxi- 
mately the moment of the normal structure alone. 
Probably the most satisfactory comparison can 
be made using the moments of the corresponding 
Structurally, the 
fuchsone differs from the benzophenone having 


derivatives of benzophenone. 


corresponding substituent groups in that the 


double bond of the keto group is replaced by the 


O-H 


| 
ie) 


FicurRe 2 Vost-probable resonant structures for benzaurin, 
pith I, the conventional formula, II and ITT, the 


dipolar structure 


excited 
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quinoidal group. If resonance involving this inductive effects or to a slight shift Vale; 
quinoidal group does not occur, the moments of angles. The relatively large differen: actualh 
the corresponding fuchsone and benzophenone observed are listed in table 2 under t; heads 
derivatives should be about the same. A small A u for the four cases where a direct COMP:: rison ea» 
difference might be attributed to a change in be made. Fuchsone was compared with ben», 
TABLE 2 Structural form ulas, dipole moments in diorane, u, and the increments in dipole moments 
Aun, attributable to resonance 
Compound Structural formula “ Au 
? en 
4-H vdroxy benz phenorne +o 10 
HO 
{ o 
Thymolphenylketone Ci 3. 50 
HO 
CHa 0 
4,4°-Dihydroxy benzophenom 1.49 
HO 
{ ) 
HO 
7 
Fuchsone = 5 ea 2. 8&8 10 
{ 0) 
Benzaurit - 6. 85 2. 89 
HO 
{ 0 
Au 7. %6 4.47 
HO 
{ ‘> 
HO 
o-( it CH 6.70 
rn 
HO CH 
\ phe 
( 0 t 
fT eg 
Thyr benzeir CoH 6. 67 4. O8 al 
HO oun ed 
CHy Oo "7 
’ CH = 
= hvd 
‘ 
HO in 
< { a) ely 
he h 
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enone, moment of which was taken as 
moment of fuchsone is 2.9 greater 
The absence of a 
Because 


The dip 
an that 
jroxv! group precludes structure ITT. 
many possible dipolar structures that may 
volved, a reliable quantitative estimate of 
xtent of resonance based upon this increment 


f benzophenone. 


) 
ipole moment cannot be made at present. 


‘he molecule had a fixed dipolar structure as 
sented by II, the moment estimated from 
harge and its distance of separation would be 
27 asa maximum. Allowance for polariza- 
nduced in the molecule because of this high 
ration of charge would lower this estimate. 
vould appear that highly dipolar structures, 
as Il, make a contribution of at least 10 
ent, and probably considerably more, to the 
tual state of fuchsone. 
Benzaurin has a moment about 2.9 greater 
that for 4-hydroxybenzophenone. This in- 
nent is practically the same as for fuchsone. 
presence of one hydroxyl group does not 
war to enhance the contribution of dipolar 
tures to the resonance. 

In aurin there is a para hydroxy group in both 
nvyl rings, so that there are possible two 
valent structures corresponding to III. The 
ase in moment over that for 4,4’-dihydroxy- 
ophenone is about 3.5, or 0.6 larger than the 
ment for fuchsone or benzaurin. A small but 
ficant contribution from structures like III 
dicated. 

Thymolphenylketone has a moment 0.37 less 
that of 4-hydroxybenzophenone. Only a part 
his difference can be attributed to the somewhat 
rmoment reported for thymol (1.54) [13] than 

r phenol (1.70) [14]. 

the two alkyl groups would appear to exert 
fleet. Rotation of the hydroxyl group about 
arbon-oxygen bond should be partially re- 
ted by the adjacent isopropyl group. An effect 
ssort has been reported by Smyth [15] from 
neasurement of the moment of 1,4-di-t-butyl-2, 
ihydroxybenzene. Completely free rotation of 
thymolic ring about the carbonyl carbon-aro- 


Steric factors associated 


carbon bond should also be prevented by 
ne interaction between its methyl group and the 
jacent phenyl ring. The net result of these two 
‘lors would be to restrict the relative orientations 
the hydroxyl group with respect to the carbonyl 


ipole Moments of Benzein Indicators 
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group in such a way as to lower the resultant 
moment of the molecule.’ This effect can be best 
illustrated by employing scale models, such as the 
Fisher-Hirshfelder atomic models. 

By comparison with the other hydroxyfuch- 
sones, the moment of 6.07 for a-naphtholbenzein 
is rather low. Although the moment of the cor- 
responding ketone was not measured, it should 
not differ greatly from 4-hydroxybenzophenone. 
The moment of a-naptholbenzein is about 0.8 
lower than that of benzaurin, whereas a somewhat 
larger value might have been predicted for the 
following reason. Although structure II is less 
stable than I, this difference is less than it would 
otherwise be because of the Kekulé resonance 
energy gained through conversion of the quinoid 
ring into a benzene ring. Replacing the quntoid 
by a naphthoquinoid group should give addi- 
tional stability to structure II by virtue of the 
increased Kekulé resonance energy of naphthalene 
over that of benzene. The lower moment might 
possibly be explained by steric factors that would 
interfere with the resonance. For convenience 
only, two of the many possible excited resonance 
structures were considered in figure 2. A number 
of additional dipolar structures, not explicitly in- 
volving the hydroxyl group, where the resonance 
extends through more than one ring, are possible. 
This resonance would tend to bring all rings in- 
volved into a coplanar configuration by giving the 
bond joining each ring to the central carbon atom 
a partial double-bonded character, and, conversely, 
this resonance would be inhibited if steric factors 
interfered with this coplanar alinement. Steric 
effects apparently prevent three phenyl rings, as 
in the ion of erystal violet [16], from becoming 
coplanar, and the effect would be much more 
pronounced for the larger naphthyl groups. 

Thymolbenzein differs structurally from ben- 
zaurin only in having a methyl and an isopropyl 
group in each of the two chromophoric rings. 
These alkyl groups are para with respect to each 
other, so that their group moments virtually can- 
cel. The moment is slightly lower than for ben- 
zaurin. The difference between the moments of 
thymolbenzein and thymolphenylketone is, how- 


It is immaterial with regard to the resultant dipole moment whether one 
regards a hydroxy! group attached to an aromatic ring as freely rotating or 
ss existing with equal probability in “‘cis’’ and “‘frans’’ positions because of 
resonance. On the latter basis the lower moment of thymolphenylketone 
would be interpreted as a steric effect favoring the “‘cis’’ structure with its 


lower resultant moment 
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An Improved Geiger-Counter Arrangement for 
Determination of Radium Content 


By Francis J. Davis 


Geiger-counter apparatus in which several counters may be placed in any position 


relative to each other is described. 


A circular arrangement of counters to give a counting 


rate approximately independent of the position of a source near the center of the circle is 


discussed. 
counter is discussed. 


Geiger-counter arrangement used is given. 


I. Introduction 


The usual method of using a Geiger counter for 


measurement of radium is to use a single 
mter and to place the sample at some distance 
m the counter and compare the counting rate 
that of a standard in the same position.' ? 
the measurement of radium samples by this 
thod, the sample and standard must be ac- 
tely placed. If the source is at a distance 
h is great compared to the dimensions of the 
ter, the counting rate varies as the inverse 
of the distance. At distances close to the 
ter, the counting rate varies approximately 
vely as the distance. For samples of low 
tent, which must be placed close to the counter, 
shape and size of the sample (if different from 


standard) become important. The different 


rs of the sample or standard will be at dif- 


t distances from the counter, and it becomes 
ilt to determine the effective distance. 

\ Geiger-counter arrangement is described in 
the counting rate is independent of the 
mof the sample; the only effect of the size 
shape of the sample is the change in the 
tage of absorption. A method will be 
whereby the absorption can be easily cal- 

‘ed for cylindrical samples. 


hysik. Z. 34, 79 (1933 


wmalysis, AOAC, 6th ed, 1945). 


tproved Geiger-Counter Arrangement 


The relation of the position of the source to the counting rate of a single Geiger 


A method of calculation of the self-absorption of a sample for the 


II. Apparatus 


The arrangement as originally planned was to 
use six Geiger counters in a ring. However, four 
in a square proved adequate. A somewhat simi- 
lar apparatus was described by H. Neufeldt, 
who used a counter consisting of two concentric 
cylinders for the cathodes, with four wires stretch- 
ed between them as anodes. However, this pro- 
vides a fixed geometry and sensitivity, limiting 
the use to samples small enough to be placed in 
the central cylinder, and also to samples of low 
radium content that can be counted at a reasonable 
rate. 

The apparatus is The 
counters are ip a vertical position and may be 


shown in figure 1. 
They are 
l-in. 
thickness, 
wire. 


placed in any con- 


with 


arrangement 
structed outer electrodes of copper 
tubing 10%-in. long and \»-in. wall 
The 1-mil 
The filling of the counters is 10 percent of n-hep- 
tane and 90 percent of argon at a total pressure of 
10 em Hg. A lead shield \-in. thick surrounds 
each counter, and the first amplification stage 
The high- 
voltage lead and supply-voltage leads for each 


center electrode is tungsten 


(6C5 tube) is mounted on one end. 


counter tube and first amplification stage are in 
The output of the high- 
1,000 v is 


separate shielded cables. 
voltage supply of approximately 


‘Hans Neufeldt, Physik 





gamma rays, has a counting rate Pro portiong 
the solid angle at the point source s. tended 
the area. In figure 2 the points O and (0 gy, 
centers of the ends of the cylinder roprese, 
the counter cathode, and XX’ is a line thy 
the source S and parallel to O00’. Lines | 
and ('O’B are ares of circles generated by roty 
O and O’ around the axis XX’. Points A | 
D are defined by the intersection of thes 
with the tangent planes ASB and (SD 

solid angle subtended by the cylinder is ass 
to be bounded by surfaces ASB, BSC, CS) 
DSA. Conical surfaces BSC and DSA ar 
erated by rotating lines OS and O'S around 
XX’. Throughout the greater portion of 


solid angle, gamma rays will pass through 
Surfacts of the cylinder> Gamma rays pas 
Figure 1.—View of counters and scaler assembled for through end regions HADH and GBCG ay 
use. included in the solid angle, but these gamma 
P, power supply and sealing circuit; C, Geiger counters encased in }4-in pass through only one surface of the cathod 
lead shields; S, position of source in the center of the four counters; 7’, first e . 
will be approximately compensated by the gai 
rays passing through the end regions EAD} 
regulated by ten ‘\s-watt neon lamps with a FBCF, which are within the solid angle and 
l-megohm resistor in series. The voltage pulses through only one surface of the cathode. T 
from the 6C5 tubes are fed to a pulse shaper of a end effects become more negligible the long 
biased multivibrator type and thence to a scaler. counter tube compared to its diameter 
The sealer is of the hard-vacuum twin-triode type The solid angle W,, which is equal to th: 
with 6SL7 tubes, giving a sealing ratio of 128. included on a unit sphere at S, can be shown | 
The circuit for the scaler is shown in a previous 


umplification stage (type 6C5 vacuum tube 


paper.’ The mechanical counter used is a tele- 
phone message register. The samples are sup- 
ported either from above by thread or set on a 





small pedestal. The size of the square arrange- 
ment determines the sensitivity. The smallest 





square, with lead shields touching, is 6.2 cm on a 
side. This allows a cylindrical sample 2.5 cm in 
diameter to be placed in the center. For this 
arrangement the solid angle subtended by the 





counters from a point source in the center is 





approximately one-third of the total 4 solid 
angle. The counters should be tested individ- 
ually and should have the same sensitivity. In 
case of slight differences in sensitivity, the two 
most sensitive should be placed diagonally oppos- 
ite to give the least variation in counting rate 
with position of source 


Ill. Effect of Position of Source 


A Geiger counter, if uniformly sensitive over the subtended by a counter. 


Ficure 2.—Diagram of the solid angle at the sow 


sensitive area independent of the direction of the TT” are the tangent lines of the planes ASB and CSD 
—_—_—_—_ to OO’ through source S; DOAS and CO’BS are conical surfs 


‘L. F. Curtiss and F. J. Davis, J. Research NBS 31 181, (1943) RP1557. by rotating lines OS and O’S around axis XX’. 
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3 (bie equal to 11.43. 


TT" T"T'E 


a | i rt 


wer, » is one-half the length of the counter, 
s the adius of the counter. 

ve B in figure 3 shows the variation of the 
tical relative counting rate with the distance 
source from the counter according to eq 1. 


uve is for a counter used in the square 


ement, Which has a ratio of half-length to 


The coordinate scales 


are logarithmic. The points shown as 


ses are the observed counting rates for a source 


distances indicated and with the counter 
shield. 
as circles, represent counting rates with the 
ounter In a ‘%-in. lead shield. Both sets 
ts are fitted to the curve at the point 


its lead The observed points, 


l 


{t close distances the observed points 


ted by circles fall below the theoretical curve. 
r probably due to the greater absorption by 


close distances, where 


“i at the 
ngth of the gamma rays in the lead is longer. 


average 
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10 10 
OISTANCE o/b 


3. —Counting rate versus distance of source from the 


counter for the counters used. 


esents an inverse square law variation. Curve 7, theoretical 


uanter ratio of half length to radius (6/c)=11.43. The circles and 
bserved points for a counter with and without a 4-in. lead shield, 


Curve C is the slope of curve B (ordinate on the right 


s the distance from the source to the axis 
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Counting rate ver 
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a, distance of source from counter; 5, half-length of counter, c, radius of 












counter 





As on log-log coordinates a power function F'= pz 


has its slope equal to the power q, the slope of the 
curve B in figure 3 should approach —2 for large 
A straight line of slope —2 (curve 
The calculated slope 







values of a/b. 
A) is shown for comparison. 
of the curve according to the function 













d log W c a (Z 


d log (a b) (a?—c?)* sin" c/a a’?+6 







The ordinate of 





is shown by curve C of figure 3. 
this curve is linear, as shown on the right; the 
Any 
point on the curve then represents the power 
variation of the counting rate with distance of 
source. The maximum of the slope curve falls at 
a/b=0.24, with the value —1.10. 

In figure 4 are shown several curves for differ- 
ent values of b/c ratio of half-length to radius of 


abscissa is the same for the three curves. 
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COUNTING RATE 


RELATIVE 





22... 
10 
DISTANCE a/c 





Figure 5.—Counting rate versus distance of source from 


counter in units of counter radius. 


Upper curves for counters of various ratios of half-length to radius (6/< 
Lower curves are the slopes of the upper curves, 


These curves show the theoretical 
relative counting rate with distance of source in 
units of the half-length of the counter. It is 
seen that the smaller the ratio 6/c, the more truly 
The upper ends of 
the curves correspond to the position of the source 
at the electrode. The dotted curved line is the 
asymptotic line for a counter whose length is very 
long compared to its diameter. This curve ap- 
proaches a slope of —1 for small values of a/b. 
The curves shown in the upper portion of figure 5 


the counter. 


the inverse-square law holds. 


give the theoretical relative counting rate for the 
source at different distances from the counter in 
units of the radius (¢) of the counter. 
in the lower portion give the slope of the upper 


The curves 


curves, indicating the power relation of the count- 
ing rate with distance of source. It is seen that 
as the source approaches the cathode the slope 
approaches negative infinity. It would be diffi- 
cult at very close distances to have an arrange- 
ment that would have a counting rate independent 


of position of the source. For the square arrange- 
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ment, this region is not accessible b: 
4-in. lead shield, making the closest 


Luse of t) 
Listance { 
the source a/b=0.265. This is seen to be near th 
maximum of the slope curve shown in figyy, 

The effect of a vertical displacement of a soy 
within the square arrangement would be the sp 
as for a single counter. Assuming a count 
rate No before displacement and a counting yy 
N, after a vertical displacement h, the ratio \V 
derived frum eq 1 is 


N, _ (a?+6*)* b—h + b+h 
No 2b [a?+ (6—h)?*)'2 ° [a?+ (6+-h)%) | 


A horizontal displacement, &, in the direectio; 
a counter of the square arrangement using « 
will give a ratio of counting rates 


c 


(a? + 6?) sin™! 
a 


[(a—k)?+ 6?]'2 


1 
a 


l 


sin 
(a?-+ 


> os 
j I « Sin 
+ 
[(a-+ k)?4 b?}2 {a?-4 k 


where N, and N, are the counting rates be! 
and after displacement k. 

The ratio of the counting rates N,,/Ny wh 
N, and N,, are the counting rates before and ait 
a displacement, m from the center and in | 
direction of the center of one side of the squ 
counter arrangement is given by 


(a? + 5?)*} sin~! 


(a?-+m*?+ 2 am 


ae ; 
2 sin=! (a? + 5? + m?+- ,2 am)” 


c 
1 


in 
“ (a?+6?— 


y2 am)’* 


(a*+-b? + m?— 42 am)” 


If we assume that the inverse-square law | 
distance holds (a/6 large), the first three terms 
series representing horizontal displacements ¢ 
the following approximate formulas valid 
small displacements. 


N k 
N, =1+ (; 
m)_3(™) 
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Use of 1] ime that the inverse first power 
listance rst three series terms are 


De Near tj \4 


1/k\¥ , 11k 
. i(s) +i6(5) 
Lf/m\ 13 /m)\' 
bia) ~ Hs) ) 
4 comparison of the results of displacing the 
The percentage dis- 


ement to cause a change of counting rate of 
| percent and 1.0 percent is shown in table 2. 


1 figury 


ting yyy 
itio \. 
urce is shown in table 1. 


. Effect of displacement of the source on the 
ection 
Chor counting rate 


Sing eq 


Ratio of the counting rate after 
displacement of source over the 
counting rate before displace- 
ment 

Displacement ratio ie 

A pproxi- 

mate for- 
mula 


Theoreti- 
cal 


Experi- 
mental 


0. 936 

770 
1, 034 
1. 333 
1. 029 
1. 126 


Displacement changing the counting rate by 0.1 
and 1.0 percent 


Percentage Percentage 
displacement | displacement 
required to required to 
cause a cause & 
change of change of 
counting rate counting rate 
of 0.1 percent of 1.0 percent 


Percentage displacement 


Percent Percent 
‘a, assuming inverse square 3.0 10.0 
n/a, assuming inverse square 3.0 10.0 
<a, assuming inverse first power 6.3 20.0 
na, assuming inverse first power 6.: 2.0 
h/b at a/b=0.5 5 2.0 
h/b at a/b=1 5.! 16.5 
A/b at a/t 6 


42 
law { 
Lerms ° 
oop IV. Self-absorption of Sample 
lid {4% To calculate the self-absorption of a cylindrical 

hmple,* it is assumed that the gamma rays counted 
om the element of volume drdy times the length 
sample, shown in figure 6, are parallel to the 
axis, and that the counting rate is independent 


erson, J. W. T. Walsh, and W. F. Higgins, Proc. Phys. Sox 


proved Geiger-Counter Arrangement 


Vi2- Px =t 


a a, 





] 
1 
x 





Ficure 6.—Diagram for the calculation of self-absorption. 


of the position of the volume element and depend- 
ent only on the absorption through the cylinder 
according to the exponential law e~*', where ¢ is 
the thickness of material through which the gamma 
ray travels, and yu is the absorption coefficient. 
If Ny is the counting rate, assuming no absorption 
and .V, the counting rate with absorption, then 


, 9 7 Ja , 
Ne | “eet AO dad 
Ng Tr’ Jo J -vr—s 
9 ha (ry | } 
—. l—e~" |dy (10) 
wan || \dy 
Expanding the exponential into a series, we have 


8u(2—y?)™ , 16yA(r?—y")? 
ee ee ee 


4u(r?—y’*) 


which reduces to 


Sur, 1 32 wr’ 


i349 124" 45 = 


Se 
0.848ur+ 0.5 (ur)? — 0.2264 (ur)* + 


In figure 7 is plotted the theoretical curve N,/N, 
for various values of wr. Assuming a relation 
between density and absorption coefficient yu, one 
can estimate the absorption of an unknown sample 
by measuring the density to compute « and obtain 
the absorption from figure 7. 
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RELATIVE COUNTING 








FIGURI Relation between se f-absor ption and radius 


of ore containers, 


In figure 8 is shown the observed radium content 
of a sample of high-grade ore concentrate, using 
different diameters of cylindrical containers and 
using the method of correction for absorption just 
The points show good agreement with the 
10-? gRa/g 
Figure 8 also shows a similar curve for a sample 


riven. 


horizontal line, giving a value of 7.42 


of low-grade ore concentrate giving a value of 
1.61*«107° ¢ Ra/e. 
termined by the radium emanation method giving 
1.621077 ¢g This 
placing the ore in solution and collecting the 


This sample was also de- 


Ra/g. method consists of 


radium emanation. The amount of radium ema- 
nation is then determined by counting the alpha 
particles emitted by the radium emanation and its 
short-life decay products and comparing this count 
with the emanation from a radium standard solu- 
tion. The apparatus for this method has been 
described in a previous paper (see footnote 4) 
The containers used are glass cylinders, and the 
absorption of the glass is determined by comparing 
measurements of a source of radium in the glass 
and without the glass. Estimates of absorption 
of the standard are made in the same manner as 
for unknowns. 


V. Performance of Apparatus 


In the past year the instrument has proved to 
be useful for rapid analysis. Very few adjust- 
ments have been made since its initial construc- 
tion. The sensitivity of the apparatus when the 
counters are as close together as possible is such 


that 0.1 yg of radium will double the background 
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RADIUM CONTENT 





&.—Ohserved radium content in contains 
radii. 


rade ore concentrate: RF, low-grade ore conce 


counting rate. With this value as a minimur 


assuming a 100-g¢ sample, the radium co 


would be 10~° g Ra/g. Estimates can be ma 
the radium content that gives an increase of 
counting rate as low as one-tenth of th 
ground, but no great accuracy of determi: 
can be claimed. 

In addition to well-known requirements 
statistical accuracy, the following factors 
the accuracy. The ratio of absorption coeffi 
and density is not a strict constant but may 
as much as 20 percent among light mater 
If the absorption of the substance is of th 
of 10 percent, the error in the measurement 
radium content due to this cause would be of 
order of 2 percent Errors due to assumpt 
not strictly true in the derivation of the correc 
for self-absorption would show as a slop 
curvature of the horizontal lines in figures 8 a! 
A comparison of determinations made by 
method here described with determinations by 
radon method showed agreement within 2 per 
Better agreement may be expected if all the 
terials are of the same nature. 

All samples should be sealed for at least 30 
before measuring them unless standard samples 
rock or other material are available in a sim 
condition so that the percentage of rador 
is the same. 

The author acknowledges the helpful erties 
offered by L. F. 


construction and measurements by Vero! Brow 


Curtiss and the assistan 


WasHinoTon, January 30, 1946. 
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Changes Caused in the Refractivity and Density of 
Glass by Annealing 


By Arthur Q. Tool, Leroy W. Tilton, and James B. Saunders 


The changes in the refractivity of several glasses caused by annealing at different tem- 


peratures are presented. The results are given in the form of equilibrium temperature 


coefficients, as the glasses were annealed at each annealing temperature until there was no 


further change in the refractivity or density. 


The measurements on refractivity and density 


were made at standard atmospheric temperatures since the changes in these properties at 


such temperatures have a greater practical significance than the corresponding changes at 


temperatures within the annealing range. 


I. Introduction 


Investigation has shown that the physical 
properties of a glass depend not only on its actual 
temperature, but also on the annealing or heat 
treatment to which it has been subjected (1, a: a." 
It has also been shown that annealing ordinarily 
causes a glass to approach a condition of equilib- 

im at the temperature of the annealing treat- 
ment. Moreover, the effect of any annealing 
treatment.on the properties of a glass is a function 
of the change that the treatment has caused in 
the equilibrium temperature [3, 4, 5}. 

To determine the change caused in any property 
by a given change in the equilibrium temperature, 
it is first necessary to establish equilibrium condi- 
tions at a number of annealing temperatures. 
\lso, it is necessary in each case, after equilibrium 
has been established, to cool the glass to some 
standard temperature for measurement of the 
coefficient representing the property under inves- 
tigation. 

Unless the measurements are made at a stand- 
ard temperature rather than at the temperature of 
treatment, the results obtained represent effects 
produced, not only by a change in equilibrium 


Pig brackets indicate the literature references at the end of this 
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[5], but also by the change in actual 
temperature. Moreover, the results, even when 
determined at a standard temperature, will de- 
pend on the temperature chosen. This follows 
because the temperature coefficients of most prop- 
erties also vary with the equilibrium temperature. 
For example, it has been shown [6, 7] that both the 


temperature 


thermal expansivity and volume of glass increase 
with the equilibrium temperature. Consequently, 
the change in volume for a given change in equilib- 
rium temperature is greater when measured at a 
standard temperature within the annealing range 
than when measured at atmospheric temperatures. 

Refractivity is one of the properties that is 
changed appreciably, even if the equilibrium tem- 
perature is changed by no more than 1 deg C. 
Any such change in this property of optical glass 
has considerable practical significance. This is 
true not only because a difference in the annealing 
treatments of different portions of glass from the 
same melt causes the refractivity to vary from 
portion to portion, but also because unsatisfactory 
annealing may cause appreciable equilibrium tem- 
perature gradients within individual blanks [8, 9]. 
In other words, these temperature gradients can 
cause appreciable optical inhomogeneity. 

From a practical standpoint, interest centers 
mainly on the variations that annealing treat- 
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ments cause in the refractivity at atmospheric 
temperatures, since optical glass is generally used 
at such temperatures. Lebedeff and Stozarov 
[10, 11] determined the change in refractivity for 
several glasses as their equilibrium temperature 
was changed. However, their measurements of 
the refractivity were made at the temperatures of 
treatment. To determine the corresponding in- 
dices under atmospheric conditions from such 
measurements, the average temperature coeffici- 
ents for the ranges from the treating temperatures 
to normal atmospheric temperature must be 
determined for each condition of equilibrium. 
As these determinations add greatly to the work 
involved, the measurements at the treating tem- 
peratures were not undertaken in procuring the 
results presented in this or in previous reports 
(2, 12}. That is, all refractivity and density 
determinations made at standard atmo- 
spheric temperatures. Recently, MacMaster [13] 
has reported the results of a similar investigation 


were 


in which the measurements of the indices were also 
made only at a standard atmospheric tempera- 
ture. 

To differentiate between the equilibrium and 
actual temperatures, these temperatures will be 
designated as r and TJ, respectively. Conse- 
quently, the coefficients determined in this inves- 
tigation are designated as Anp/Ar and (Anp— 
Anc)/Ar, in which np, np, and ne are the indices 
for the F, D, and C spectral lines respectively. 
In some cases, the corresponding coefficient, 
AD/Ar for the change in density, D, was also 
determined. 


II. Glasses Investigated 


Most of the glasses tested in this investigation 
were from melts of optical glass produced by the 
Glass Section of the National Bureau of Standards, 
and they represent practically all the types made 
in quantity by the Glass Section prior to 1930. 
ae : , 
lhe six samples from which prisms were made for 
measurements on both refractivity and density 
were mostly from glasses *? produced after 1920, 

2 The composition of melt 494 was determined by analysis. The percentage 
compositions as given for the other five of these glasses are estimates based on 
the batch compositions 

Melt 404, SiO») 50.55, PbO 40.14, AlyOs 0.65, KO 5.93, NayO 2.69, Fe:O, 

0.02; melt 467, SiO, 39.0, PbO 54.0, KyO 6.5, NazO 0.5; melt 573, SiO» 67.5, 
BaO 2.5, ZnO 1.0, KzO 10.8, NazO 7.2, ByOs 11.0; melt 529, SiO; 74.5, CaO 
13.5, NaeO 12.0; melt 572, SiO, 48.0, CaO 2.0, BaO 27.0, ZnO 8.0 B,Oy 5.5, 


KO 7.5, NarO 2.0; melt 480, 810) 34.5, BaO 40.7, ZnO 7.7, BrO; 10.6, AlyOs 
6.5. 


520 


and the prisms were cut from large sel 
that, in all cases, were large fragmen‘s that ». 
sulted when the pots of glass were broken open 
The six pieces, before being hey 
treated, were investigated carefully to determiy, 
the magnitude of the refractivity gradients jy 
them. It was found [14] that these gradien 
ranged from 0.6 10~* to 4.9 10~*/em, and it 
believed that they were chiefly the result 9 
gradients in the equilibrium temperature rath; 
than of variations caused by chemical inhomo. 
geneities or residual elastic strains. 


‘ d Pleces 


selected 


Strain was 
an improbable source of the gradients because tly 
double refraction effects in the large pieces wen 
no greater than they often are in pieces of equa 
size that have supposedly received adequate ap. 
nealing, and the effects in the small test samples 
that were cut from the large pieces, were pr- 
sumably negligible. Variations in chemical com. 
position are a possible cause of such gradients 
as variations of that kind are often the cause o 
serious optical inhomogeneity; but there is reaso, 
to believe that the effect of variations in thy 
chemical composition of the best selected optical 
glass is very small {15]. Variations in the equ 
librium temperature, on the other hand, seem 
be a very likely cause of the observed refractivity 
gradients because r-gradients, like residual elasti 
strains, cannot be completely eliminated and als 
because the refractivity is comparatively ven 
sensitive to differences in r. In fact, it seems 
probable that the effects of r-gradients will usually 
mask any refractivity gradients arising from vari- 
tions in the composition of good pieces of optical 
glass. 

Besides the 6 glasses already discussed, 15 addi- 
tional glasses were subjected to the heat treat- 
ments and refractivity measurements required t 
establish their equilibrium curves. Of these, !4 
were also from melts [16] made by the Bureau's 
Glass Section, and several of them are among 
those listed in the table of refractive indices that 
appears in the Smithsonian Tables [17]. On 
glass, a heavy flint, was of German make and was 
cut from a Pulfrich refractometer block. 


III. Measurement of Refractivity and 
Density 
Of the six glasses on which both refractivity and 
density were determined, the test prisms wer 
about 40 mm in length, their faces 12 to 16 mm 
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ind their refracting angles approximated 
Such slender prisms were used to in- 
volume for density measurements with- 
w it necessary to reduce the rate of safe 

after the heat treatments. The average 

prism of the 14 other Bureau glasses also pos- 
cessed a refracting angle of about 60 degrees, but 
its faces were approximately 15 mm square. The 
prisms of the German glass were much smaller. 
A spectrometer was used in measuring the in- 
dices of refraction by the minimum deviation 
method, and the necessary precautions [18] were 
taken to obtain high precision. Never less than 
the usual three spectral lines (C, D, and F’) were 
ysed and, when the dispersion was sufficient, the 
PD, line of the sodium doublet was chosen. Re- 
peated measurements on freshly surfaced prisms 
indicated that variations in the results on any 
given prism in an unchanged equilibrium con- 
dition were smalJl in the sixth decimal place. 
However, the lack of precision was considerably 
greater in the intermediate determinations, which 
were often made without resurfacing the prisms 
and merely for observing whether equilibrium was 
almost reached. This lack of precision in the 
intermediate observations was caused by surface 


in widt! 


10 degrees 


rs 


warping and was particularly troublesome after 
treatments at the higher temperatures, and also 
after treatments at the lower annealing temper- 
atures if these treatments immediately followed 
high-temperature treatments. 

The density measurements were made by the 
Bureau’s Capacity and Density Section. The 
usual displacement method of determining volumes 
was employed, and the submersing liquid was a 
suitable kerosine held at 20° C. Precautions were 
taken to minimize the errors caused by the action 
of surface tension on the suspension wire. Several 
repetitions of the measurements on the samples 
after each treatment indicated that the maximum 
variation in the results on any prism of unchanged 
equilibrium approximated +0.0004 under the 
worst conditions (comparatively high densities and 
small volumes). 


IV. Heat Treatments 


Small tubular electric furnaces (tubes about 
\0 cm in length and 4 em in diameter with stop- 
pered ends) were used to treat the glass prisms. 


To make the temperature distribution within the 
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central third of a furnace more nearly uniform, a 
heavy-walled metal tube about 15 em in length 
was fitted loosely within the refractory tube of the 
furnace and midway between its ends. The ends 
of the metal tube were blocked by diaphragms. 
The junction of a Pt-Pt-Rh thermocouple was 
placed near the top and midway between the 
ends of this enclosed space, and the wires of the 
couple were led through the rear diaphragm and 
stopper to the cold-junction box. A thin-walled 
metal capsule containing the glass to be treated 
was placed just beneath the hot junction. The 
glass prism within this capsule rested on a thin 
sheet of burned asbestos to prevent contact with 
the metal. This arrangement made rapid cooling 
and heating without breakage possible. 

The furnace was brought to a chosen treating 
temperature before the glass was introduced. 
Consequently, the was heated to this 
temperature very quickly. After a treatment of 
the desired duration was completed at any 
temperature, the glass, still within the capsule, was 
removed from the furnace and cooled rapidly in 
air. Except at the highest treating temperatures 
employed, this procedure allowed very little 
change in equilibrium temperature during the 
heating and cooling. 

Samples of the same glass were always treated 
in the same furnace because it was found that the 
equilibrium temperatures reached in the various 
furnaces differed by a few degrees, although the 
treating temperatures as determined by _ther- 
mocouples were practically identical. This experi- 
ence indicated errors in the temperature determi- 
nations and, presumably, these errors resulted 
from peculiarities in the furnaces and thermo- 
couples. Generally, the difference between the 
equilibrium temperatures attained in two furnaces 
that were supposedly at the same treating tem- 
perature did not change materially even when treat- 
ments were made at several well-separated tem- 
peratures in the annealing range. Thus, it appears 
that the error in the interval between any two 
treating temperatures of a glass was always 
relatively small because the same furnace was 
used in both cases. It is estimated that the errors 
in such interval determinations were between +2 
degrees, whereas the maximum errors in the treat- 


glass 


ing temperatures may have been two or three 


times as great. 
The period of treatment required to establish 
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equilibrium at low annealing temperatures often 
exceeded 2 months, while no more than a day 
was necessary at the highest temperatures used. 
In many cases, the treatment of a sample at a 
temperature was repeated one or more times 
before subjecting the sample to treatment at some 
other temperature. This repetition of a treat- 
ment is one means of determining if an equilibrium 
condition has been approximated. However, more 
dependence was placed on the results obtained 
when it appeared that practically the same equilib- 


rium refractivity or d 


ensity was reached by in- 


creasing it fn one case and by decreasing it in 
the 
The most satisfactory method of ac- 


another through treatments at same tem- 
perature. 
complishing this opposite approach to an equili- 
brium condition is the simultaneous treatment of 
two samples at an intermediate temperature after 
one has been treated at a higher and the other at 


a lower temperature. 
V. Experimental Results and Discussion 


Excepting the highest and lowest treating tem- 
peratures employed for any glass, all others were 
the of 
ranges that are recorded in tables 1 and 2. 
the the 


generally within portions the annealing 


Usually, 


interval between chosen treating tem- 


The 


eq alibrium-te mperature coe 


Init 


Melt No 


ar ¢ 


Medium flint 

Dense flint 
Borosilicate crown 
Ordinary crown 
Light barium crown 


Dense barium crowr 


The Peffer and F 


of Standards 


densities, D, were determined by E. L 


Density 


peratures was 10 deg C and, as previcusly ing. 


cated, the glasses were made to appron equilib. 
rium at the selected points from both wn ereoo| 
At low-tre: 


peratures, complete agreement between t 


and superheated conditions. 


attained by these opposed approaches wa 
to approximate as reducing the interval! bety, 
the results for the refractivity to 1 in the four 
decimal place usually required treatments of 

for dirs 


months’ duration each 


At high-treating temperatury 


more 


LO! 
approach. clos 
of the interval was approximated much more eas 
because the rates of approaching equilibrium 

so much higher than at temperatures in the loy 
part of the annealing range. In fact, equilib: 
is often approached so closely in a comparatiy 
short time that the results show an apparent o 
lap instead of a gap if the treating temperatu 
In other 
after 


not carefully controlled. words 


refractivity measurements treatments 
adequate duration can show an apparent oy 
lapping of | in the fourth decimal place if ar 

of 


of the undercooled sample, and an equal, | 


2 degrees is made in the treating temperat 


opposite, error is made in the case of the su 


heated sample. Two samples in different init 


conditions were often treated simultaneously 


order to prevent such overlapping. 


ficients of refractivity and densitu for six glasses 


ial condition of glass 
' 
ss t 
gla from po lemperature 
range covered 
by tests 
Refractiv- 
ity 26° C 


Approxi- 
mate r-value 
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450 
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M0 
KO to 570 
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E. Hill of the Capacity 
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TABLE 2. 


Glass 


Type Melt No 


Light crow! 
Do 
Do 
Porosilicate crown 
Do* 
Light barium crown 
Do * 
Dense barium crown * 
Barium flint * 
Do 
it flint 
Do * 
Medium flint 


Dos 


Lig 


Lense flint * 
Very dense flint * 


Ed. 7, Rp. 3, 
> A German product used on Pulfrich refractometers, 


* Glasses listed in Smithsonian Tables, 


Figure 1, which was prepared for a progress 


report [12],° gives a typical representation of 
preliminary data obtained by these investigations. 
Figure 2 shows both refractivity and density data 
obtained on a third glass. The caret-like sym- 
the indices reached by treating an 
indereooled temperatures for 


periods of treatment that were not always suffi- 


bols indicate 
glass at various 
cient, and two or more carets at the same tempera- 
ture indicate that added treatments were given 
in order to bring about a closer approach to 
The inverted the in- 
by treating superheated glass at 


equilibrium. carets show 
dices reached 
the temperatures indicated until equilibrium was 
approximated. The trend of the results for 
different temperatures is indicated by straight 
lines, as the equilibrium indices are related almost 
inearly to the treating temperatures as long as 
these temperatures are confined to that portion 
That 


s, dndr is approximately constant and can be 


of the annealing range covered by the tests. 
I 
determined graphically as indicated by the straight 
A and B, in figure 1. The data on the 
changes in density indicate that dD/dr also is 


lines 


practically constant in most cases (see fig. 2). 
These determined both 


for 


coefficients, so 


ire was shown when a preliminary paper concerning this investi- 
presented at the Corning meeting of the American Optical Society 
d is similar to an earlier graphical representation shown at the 
eting of the society in 1925 [2], while demonstrating how the re- 
snd density of another glass (NBS melt 494) were changed as the 

condition was changed by annealing at different temperatures. 
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ap at 25 


Initial 


Cc 


Equilibrium-tem perature coefiicients of refractivity for 15 additional glasses 
, J YJ (i 


condition rem perature 
range cover- 
r-Value hanes 


( 
410 to 510 
410 to 480 


+). 6 10-7 


480 to 40 
418) to 40 
510 to 560 
510 to 570 
540 to 620 
4) to 530 
460 to 530 
4 to 490 
$2) to 480 
380 to 470 
$00 Lo 460 
SMO to 460 
340 to 400 


density and for refraction of the D-line of sodium, 
are presented in table 1. It is estimated that the 
maximum error in coefficients is about +5 per- 
cent. Preliminary data on some of these coeffi- 
cients have been presented in annual reports of 
the Director of the National Bureau of Standards 
[19]. Since then, there has been some revision, 
and data on the initial condition of the glasses is 
The usual type-designations that 


not 


now included. 
are employed in both tables 1 and 2, are 
particularly significant because such designations 
generally have no unique relation to composition, 
which is a factor that often varies appreciably 
even in successive melts of any particular type. 
Consequently, the coefficients of a number of 
glasses bearing the same type designation often 
vary over a considerable range. 

Excepting the results for a very dense flint, 
table 2 presents data obtained on earlier melts 
made at the National Bureau of Standards. The 
samples used for five of these melts were those on 
which the indices appearing in the Smithsonian 
Physical Tables [17] were obtained. Of the other 
three Bureau for which the indices 
given in the Smithsonian tables, the samples used 
for the earlier index determinations not 
available. In one of these cases, melt 123, there 
was also no duplicate sample, but its composition 
was about the same as that of melt 103. In the 
other two cases, melts 151 and 163, duplicate 


melts are 


were 


samples were available, but their indices differed 
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TEMPERATURE 
Fieure | Examples of results obtained on refractivity by 
annealing at different temperatures until equilibrium was 
reac hed. 


i, results obtained on melt 151. Carets and inverted carets indicate 


ndices reached as the refractivity was being increased and decreased, respec 


tively, by bringing the glass to equilibrium at the temperatures indicated 


Iwo or more carets at the same temperature signify that observations were 


made before equilibrium was reached R, Similar results on melt 163 


from those published in the tables. For melt 
151, the difference (0.0003) results 
almost entirely from differences in the annealing. 
For melt 163, the comparatively large difference 
(0.00234 
numbers 

The maximum errors in the determinations of 


possibly 


possible error in sample 


suggests a 


the treating temperatures and the coefficients, 
An/Ar, are thought to be about the same for table 
2 as for table | The magnitude of the errors in 
the determinations of the added dispersion co- 
efficient, (Ang—Anc-)/Ar, are rather uncertain and, 
in some cases, are probably large; nevertheless 
they are apparently insufficient to affect the gen- 
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Fieure 2 Results obtained on both density and 


livily of melt 573, 


eral trend of the results. As would be expect 
in view of the relatively large values of AD 4; 
as compared to the ordinary expansivities of 
glasses, An/Ar is always negative, and the 
persion coefficients are either negative or almos 
zero Whenever, as in crown glasses, the ult 
violet absorption band is so remote from 
visible spectrum that a shift of this band play 
a secondary role compared to that of the dens 
change in causing changes in refractivity even 
However, in the flints in which th: 
is presumably a comparatively pronounced « 


blue light. 


tension or shift of the absorption band or regi 
toward the visible spectrum as 7 increases as 
as when 7° increases, the dispersion coefficients 


have positive values that are large dens 
flints in which the transmission for blue light 
reduced appreciably because of the proximity 
the absorption region. 

The relations of the equilibrium temperat 
coefficients of refractivity and dispersion to t! 
coefficient A))/Ar and to the shift of the ultrav« 


absorption band as r changes are clarified great 
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ideration of Pulfrich’s results on the 
emperature coefficients of refractivity 
sion for glasses in the range from 0° to 
boo? C. Pulfrich’s results [20] suggest that disper- 
ion coeflicients, such as A(ne—ne)/AT, are always 
sitive, although the coefficients An/AT may be 
‘ther positive or negative, depending on the kind 
{glass and the temperature range. Obviously, 
he decreasing density of a glass as it heats would 
sult in negative temperature coefficients for 
th refractivity and dispersion if there was no 
»bsorption band effect. Moreover, it is well known 
hat the proximity of the ultraviolet absorption 
egion to the visible spectrum considerably in- 
eases the refractivity, especially for light near 
he short wavelength end of the spectrum, and 
iso that the relative increase in refractivity for 
horter wavelengths becomes greater as the ab- 


wac 
yrdinary 
and disp 


orption region moves toward the visible spectrum 


weause of an increasing temperature. Thus, Pul- 
rich explained his results on the assumption that, 
s T increases, the negative effects of decreasing 
lensity are opposed by the positive effects caused 
y the proximity of the ultraviolet absorption 
egion to the visible spectrum and by the shift of 
his region toward longer wavelengths as 7’ in- 
‘reases, 

According to this explanation, the effects 
uttributed to the absorption region and its shift 
vith temperature generally overshadow those 
aused by the change in density. Ordinarily, 
he ultraviolet region is nearer the visible spec- 
rum in flints than in crowns, and it actually en- 
roaches upon it in some cases. As a result, the 
emperature coefficients of dispersion and _ re- 
ractivity are positive in flints and generally 
arger than in crowns. Although smaller, those 
f the latter glasses are, with some exceptions, 
uch as the negative coefficients of refractivity 
found by Pulfrich, also positive. That all of the 
lasses tested in the present investigation have 
iegative equilibrum temperature coefficients, such 
is An»/Ar, and that many of the crowns also 
ave negative dispersion coefficients, such as 
liy—Ne)/Ar, must be ascribed to the fact that 
D/Ar is usually much larger than AD/AT, and 


nlso to the probability that changes in +r cause 


maller shifts in the ultraviolet absorption region 
than are caused by equal changes in 7, even if 
the latter changes are confined to the range 


between 0° and 100° C. 
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VI. Summary and Conclusions 


Results for the equilibrium temperature coeffi- 
cients of refractive index, dispersion, and density 
determined for several different optical 
glasses. 

The range of equilibrium temperatures covered 
was, on the average, about 70° C for each glass, 
and this range comprised most of the annealing 
range that is usable for optical glasses. 

Excepting at the end temperatures of this 
range, the equilibrium temperature was ap- 
proached both from above and below and, within 
the errors of measurement, the same results were 
obtained in both cases. 

The time required to establish equilibrium 


were 


ranged from several months at low annealing 
temperatures to only a few hours at the highest 
employed. 

To have employed higher temperatures would 
have required much smaller samples because the 
cooling from such temperatures must be very 
rapid if a downward drift of the equilibrium 
temperature is to be prevented. Such very small 
samples accurate 
methods for refractivity and density measure- 


necessitate the use of less 
ments. 

By cooling to normal (atmospheric) standard 
temperatures, the results obtained have a more 
practical significance than those made at higher 
temperatures, because it is in the range of atmos- 
pheric temperatures that optical glass is ordinar- 
ily used. 

From the results obtained, it was concluded 
that the density and the refractivity for any wave- 
length of light increase almost linearly as the 
equilibrium temperature decreases; therefore, the 
equilibrium temperature coefficients of both den- 
sity and refractivity are negative and practically 
constant. 

The average magnitudes of the equilibrium 
temperature coefficients of density, and of refrac- 
tivity for the D-line, are about 28 10-° and 
37 10-*/deg C, respectively, and both are large 
enough to cause undesirable inhomogeneity even 
if the gradients in this temperature exceed no 
more than a tenth of a degree per centimeter in 
any glass of which exceptional homogeneity is 
required. 

From the results obtained, it appears that the 
equilibrium temperature coefficients of dispersion 
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Conductimetric Titrations of Acids and Bases in 
Benzene and Dioxane 
By Arthur A. Maryott 


Acid-base titrations were made conductimetrically in pure benzene and dioxane with 
picric, trichloroacetic, and camphorsulfonie acids, together with primary, secondary, and 
tertiary amines. Although the conductances of the solutions were extremely low, lower by 
a‘factor of 10-* or more than in water, the titrations gave sharp end points which generally 
were accurate to 1 percent or better. The unusual, though similar behavior of all titrations 
involving trichloroacetic or camphorsulfonic acid, where the conductance of the salt was 
enhanced greatly by the presence of free acid, was interpreted in terms of a reaction between 
salt and acid leading to the formation of a complex anion. The occasional variations in 
conductance with time, in one instance suggesting slow attainment of some secondary ionic 
equilibrium, and the effect upon the titration curves of the addition of a small amount 


of ‘methy! alcohol to the solvent are discussed. 


I. Introduction 


While the conductimetric method has been em- 


loved as a general procedure for acid-base titra- 
jons in water and has been extended to certain 
onaqueous and mixed solvents, its application to 
urely nonpolar solvents such as benzene and 
ioxane which have very low dielectric constants 


‘mains practically an unexplored field. One case 
as been reported by La Mer and Downes [1]! 
1 which trichloroacetic acid was titrated with 
fiethylamine in benzene. The titration curve 
hown by these workers exhibited an interesting 
nd rather unexpected behavior. On titration of 
ie acid with the base, the conductance first rose 
oa maximum well before the equivalence point 
as reached and then decreased to a minimum 
mewhere in the vicinity of the equivalence point. 

was not apparent from their data, however, 
hether there was any definite break in the titra- 
ion curve at the equivalence point which would 
suitable for analytical purposes. The present 
ork was undertaken not only to explore the 
wssibility of extending an analytical method, but 
iso in the hope that additional information con- 
erning the behavior of electrolytes in these media 
night be obtained. 


LS 


Figur brackets indicate the literature references at the end of this 


onductimetric Titrations 
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In solvents like benzene which serve primarily 
as inert diluents, dilute solutions of acids or bases 
have almost negligibly low conductances. There 
is practically no tendency for the solvent to react 
with the acid or base to form ions as would be the 
case in an amphoteric solvent like water. When 
the solution contains both acid and base, however, 
they combine with the transfer of a proton from 
the acid to the base * to form a true salt. Since 
the solvent has a low dielectric constant and has 
little tendency to stabilize individual ions through 
solvation, the extent of dissociation of the salt 
into free, or conducting, ions is quite small. The 
behavior of certain types of organic salts, partic- 
ularly the tertiary and quarternary ammonium 
halides and picrates, have been extensively inves- 
tigated by Walden [2] and by Kraus [3] and co- 
workers. The very low conductances of these 
solutions indicate that only a minute fraction of 
the salt, someth‘ng of the order of a millionth of 
1 percent, is dissociated into free ions. The re- 
mainder exists as nonconducting ion pairs, or 
aggregates of ion pairs, held together largely by 
coulomb torces. Although the equivalent con- 


? The definition of acid employed here is that of Brénsted rather than the more 
generalized electronic concept of Lewis. Although compounds owing their 
acidity to an electron deficiency can be titrated with the aid of colored indi- 
cators, these acids are not suitable for the present purpose since an ionic prod- 
uct having a measurable conductance is required 
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ductance varies in a rather complex manner with 
concentration, and suggests a multiple series of 
equilibria involving the formation of triple ions 
and more highly associated ionic products, the 
specific conductance increases continually with 
concentration. Conductimetric titrations in these 
solvents might be expected to follow a simple pat- 
tern. The extent of ionization of the salt, though 
small, should be considerably greater than that of 
either the acid or the base, so that the conductance 
would be determined almost entirely by the con- 
centration of salt formed. Then the conductance 
would be expected to increase more or less uni- 
formly until the equivalence point is reached, and 
remain substantially constant upon the addition 
of excess titrating solution. It is evident from 
the experimental results that only a part of the 
titrations conform to this simple pattern. 

The choice of acids and bases is limited by the 
solubility, particularly of the salt formed, and by 
the requirement that they be sufficiently strong 
to insure complete neutralization. In these re- 
spects picric and trichloroacetic acids together 
with various aliphatic primary, secondary, and 
tertiary amines were for the most part suitable. 
Titrations were generally made in both dioxane 
and benzene. To determine the effect of a small 
amount of polar impurity, in some cases approxi- 
mately 1 percent of methyl alcohol was also added 
to the solvent before titrating. Camphorsulfonic 
acid was used in several titrations in dioxane. 
Good breaks in the titration curves, corresponding 
to the equivalence points calculated from aqueous 
standardizations of the various solutions, were 
observed in practically all cases. 


II. Materials 


Reagent-grade trichloroacetic acid was stored 
in a vacuum desiccator until used. Picric acid and 
dl-camphor-sulfonic acid were recrystallized, re- 
spectively, from benzene and dioxane, and dried 
in a vacuum oven. The various amines, obtained 
from Eastman Kodak Co., and Sharples Chemi- 
cals, Inc., were used without additional treatment. 
To remove moisture the solvents, benzene and 
dioxane, were refluxed and distilled over sodium. 


Ill. Apparatus and Procec ure 


A direct-current, high-resistance bri: 
Radio Co. type 544-B, was used to 1 easure ¢) 
resistances of the cell during the titrations, Thy 
resistances were of the order of 10’ to 


Je Geng ra 


y Ohms 
Sensitivity as well as convenience and rapidity , 
measuring these high resistances, rather than 

racy, were determining factors in selecting , 
method. Throughout the required range. 4) 
resistances could be determined to | percent 
which is as precisely as the logarithmic dial ¢9 

be read. 
possibility that the measured resistances may | 
influenced by the effects of electrode polarizatioy 
Should these effects cause the resistance of the « 
to vary appreciably with time, they might interfey 
with the titrations. 
no such drifts were observed or else they wer 


The use of direct current introduces }) 


Ina majority of cases, eithy 


sufficiently small so as not to interfere with det; 
tion of the equivalence points. 
A photograph of the cell and titrating assem 


is shown in figure 1. The cell consists of an in 


Assembly used in conductimetric titratu 
benzene and dioxane. 


section of soft glass, on which are mounted \v 
concentric platinum electrodes and their lead 
and an outer U-shaped container of Pyrex glas 


” 
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1s also used in measurements of di- 
ants, the lead from the outer elec- 
lar and serves as a shield for the 
inner electrode. In addition to the 
npartment, the outer section con- 
larged bulbs to accommodate excess 
to facilitate mixing the solutions in 
manner to be deseribed. The electrodes are 
om high, with the outer one having a diameter 
294 em. The spacing between electrodes is 
yroximately 0.2 em. A sufficiently good esti- 
te of the cell constant, &, is obtained from the 
relectrode capacitance, C, by the formula, 
'4=1/(4rC). This capacitance in air, de- 
nined by calibration with pure benzene, is 27.4 
so that k=0.00291 em™. 
tock solutions were made up in volumetric 
ks from weighed quantities of acid or base so 
the concentrations were approximately 0.2 
lar. To the cell containing 100 ml of solvent 
added 5 ml of stock solution of acid (or base) 
ma pipette. This solution was then titrated 
h a stock solution of base (or acid) from a 10- 
burette. The concentration of salt at the 
iivalence point was thus around 0.009 molar 
As the titrating solution was roughly 


the cell 


ll cases. 
nty times as concentrated as the solution to be 
ated, the effect of dilution was minimized. 
mpressed air, dried by passage through a tube 
jtaining calcium chloride, was used to achieve 
ing upon each addition of the titrating solu- 
n by first forcing the solution into one of the 
arged bulbs and then into the other. The 
rette was attached to the cell opening through 
ork stopper, which also contained a tube pass- 

to the compressed air line. With the cell 
tually airtight, any danger of contaminating the 
ution with atmospheric moisture, which might 
ct the conductance during the titration, was 
ninated. Very small additions of stock solu- 
n, not over three or four drops, were made near 
‘equivalence point. Whether such small addi- 
is Were necessary depended upon the shape of 
' titration curve. In some cases the curves 
e substantially linear over an appreciable 
rion on either side of the equivalence point, 
ile in others the marked curvature of the plots 
juired that evaluation of the end point be 
sed upon points within a rather limited region. 


bnductimetric Titrations 


All titrations were made at 25°+0.01° C in an 
oil bath. This close control of teinperature main- 
tained constant conditions for comparative pur- 
poses, and the titrations could be made satis- 
factorily at ordinary room temperature. The 
time required to obtain a complete titration curve 
was about 20 minutes. Because of uncertain 
purity, particularly of the bases, and in order to 
have a check upon the reliability of the conducti- 
metric end points, all stock solutions were stand- 
ardized with aqueous solutions of sodium hydrox- 
ide and hydrochloric acid, using phenolphthalein 
and methyl red as indicators. Solutions of amine 
in benzene were added to excess acid and back 
titrated with alkali to eliminate loss of amine 
through volatilization from the benzene layer. 


IV. Experimental Results 


A number of preliminary titrations were made 
using a variety of amines with picric acid or 
trichloroacetic acid in benzene. While the general 
shapes of the titration curves were found to be 
dependent upon the acid, and in some cases, upon 
the class of amine, no essential qualitative differ- 
ence was noted within a particular class of amine. 
Consequently, in the titrations reported, only 
triethylamine, di-n-butylamine, and _ n-heptyl- 
amine representing, respectively, the tertiary, 
secondary, and primary classes of amines were 
Frequently, both forward and _ reverse 
titrations were made. The forward titrations are 
defined as those in which the base is added to 


used. 


the acid, and the reverse titrations as those in 
which the acid is added to the base. 

While representative data for several of the 
titrations are given in table 1, it seemed generally 
preferable to present the results in graphical form. 

The various titration curves plotted on semi-loga- 
rithmic paper are shown in figures 2 to6. Figures 2 to 
5show forward titrations on the left side and reverse 
titrations on the right. The specific conductance is 
plotted on the logarithmic scale. Plotted as ab- 
scissa is the function .Y, defined by X= (B—A)/D. 
A, represents the equivalents of acid, and B, the 
equivalents of base in the solution at that partic- 
ular point in the titration. D, is the equivalents 
of acid or base initially to be titrated and is thus 
identical with A for the forward and with B for 





The values of A, B, and 
D are based upon the concentrations of the stock 


the reverse titration. 


solutions determined by the aqueous standardiza- 
tions. Up to the equivalence point, . measures 
the fraction of acid or base not yet neutralized, 
and beyond this point the fractional degree of 
overtitration. The forward titrations start with 
negative values of Y, and the reverse titrations 
values. The equivalence point 


with positive 


corresponds to X¥=0. 


TARLE 


I. Titrations with picrie acid (0.2000 molar) and 


Base 
added 


mi 
”) 


trations 


l Representative data on conductimetric titrations 


(0.2013 molar 


Forward titration 


Specific 
conductance 


mine 


in benzene 


li-n-butylamine 


Reverse titration 


Acid 


added X 


ml 


4 
4: 
45 
4 
4 
4.9 


with trichloroacetic acid (0.1994 molar 
0.1939 molar) in dioxane 


(OO. Se ee ee & WS PO 


Specific 
conductance 


) «10 
0 
06 


NHR HRPNNH NNN NW RK BW 


and triethyla- 


0. 033 
036 
O49 
O74 
O81 
ogo 
101 
104 
110 
Iz 
139 
161 


178 





197 


415 
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Figure 6. Forward titration curves using trichloroaceti 
acid (left) and camphorsulfonic acid (right). 


Curves with trichloroacetic acid and n-heptylamine: 1, in benzene [2, in 
benzene containing 1 percent methyl alcohol. Curves using camphorsul 


fonie acid in dioxane: 3, with triethylamine; 4, with di-n-butylamine 


1. Titrations With Picric Acid and Di-n-butylamine 


Curves representing the titrations with picric 
acid and di-n-butylamine are shown in figure 2. 
Those numbered 1, 2, and 3 are the titrations in 
benzene, in benzene containing 1 percent by 
volume of methyl alcohol, and in dioxane, respec- 
tively. Conductances of the initial solutions 
containing only free acid or base are not shown on 
the plots. These conductances were less than 
one-hundredth the conducance of the salt at the 
equivalence point. All curves, both for the 
forward and reverse titrations, have the same 
general shape and show a pronounced break at the 
equivalence point. The conductance increases 
continually until the equivalence point is reached 
and remains substantially constant thereafter 
This is the typical behavior in cases where the 
conductance is largely determined by the concen- 














tration of salt formed during the neutralization, 
and the titrations bear a formal analogy to con- 
ductimetric titrations of weak acids aad bases in 
aqueous media, where the extent of ionization of 
the acid and base is relatively small compared to 
that of the salt. A comparison of the forward 
titration curve with the corresponding curve for 
the reverse titration shows that they are nearly 
superimposable. Unlike many of the titrations 
to follow, there is no indication of any specific 
interaction between salt and free acid or base of 
such a nature as to influence markedly the con- 
ductance of these solutions. The conductances 
are not very different in the two solvents, benzene 
and dioxane, and the addition of the small amount 
of alcohol to the benzene has merely the expected 
effect of shifting the titration curve to higher 
values of conductance. 


2. Titrations With Picric Acid and Triethylamine 


When similar titrations, shown in figure 3, are 
made with picric acid and triethylamine rather 
than di-n-butylamine, the results are quite dif- 
ferent and dependent upon the solvent. Curves 
1, 2, and 3 are again the titrations in benzene, in 
benzene containing 1 percent of methyl alcohol, 
and in dioxane, respectively. With the first 
additions of base during the forward titration in 
benzene, the conductance is unstable and tends 
to drift rapidly with time toward higher values. 
As the titration proceeds, these drifts become less 
pronounced and practically vanish after somewhat 
more than half of the acid is neutralized. The 
conductance then steadily increases in the ex- 
pected manner until a second drift, this time 
toward decreasing conductance, occurs at or very 
close to the equivalence point. The 
titration corresponding drift 
increasing conductance in the immediate vicinity 
of the equivalence point, but none during the 
initial part of the titration. The regions of 
marked instability are indicated by the dotted 
portions of the curves. 

From a comparison of the forward and reverse 
titrations it would appear that there are two quite 
different values representing the conductance of 
triethylammonium picrate. The conductance 
near the equivalence point when approached from 
the forward titration is about 20 percent greater 
than for the reverse titration, although the con- 
centration of salt is about 10 percent greater in 


reverse 


shows a toward 


§32 


the latter case. To study this effec: furtho, 
to ascertain which is the proper vali + for tho , 
ductance of the salt, a solution of purified trieth 
ammonium picrate, approximately ().009 mp. 
was introduced into the cell. Upon the adgj 
of one drop of the solution of picrie avid, the » 
ductance began to drift and continued yy 
reached a steady value in about 10 minal 
which was approximately 30 percent higher , 
the original. Subsequent small additions of , 
did not produce any further drifts in conduety; 
On back titrating with the stock solution of 
ethylamine to give a drop excess, the conducty 
drifted back approximately to its original yy 
This change was not dependent upon the cont 
passage of current through the solution. | 
evident from the above experiment and from: 
instability noticed during the initial part of 
forward titration that this drift in conducty 
toward abnormally high values is associated y 
solutions containing both salt and free picri 
The process is reversible and possibly sugges 
slow attainment of some ionic equilibrium in 
ing a reaction between the acid and the salt 
possibility that relatively slow reactions may « 
in such solvents has been suggested by Dietz ¢ 
Fuoss [4], who found that the conductances 
mixtures of tributylammonium chloride and 
abietate in toluene drifted with time in a m 
which indicated a slow ionic reaction bety 
these two salts. The failure of larger excesses 
picric acid to produce additional drifts indicat 
saturation effect requiring only a very small 
centration of acid. 

Curves 2 in figure 3 represent titrations 
the same solutions, the difference being that 
cent by volume of methyl alcohol was adéd 
the benzene before titrating. Unlike the | 
tions in pure benzene, no drifts in conduct 
were noted during any part of either the for 
or reverse titrations. The shapes of both 
are similar and now resemble those obtained \ 
picric acid and di-n-butylamine. 

Still different behavior is shown by the 
tions in dioxane. The conductance during 
forward titration, instead of leveling off bey 


the equivalence point, increases at a faste' 
In the reverse titration the cor 
tance reaches a maximum value when only a) 


80 percent of the base has been neutralized 
then decreases rather rapidly up to the eq 


than before. 
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Beyond this point the conductance 
actieally constant. Conductances were 
table throughout the titrations. In view of the 
elatively low conductance of the base, the con- 
yetance of solutions containing both salt and 
ree base are unexpectedly high. The conduct- 

‘he maximum of the reverse titration is 
compared to a value of 1.410-" at 


lence po 
emains | 


nce at 
7X10 


he corresponding point in the forward titration 
here the concentration of salt is the same. There 
; evidently some rather strong interaction be- 
ween the salt and base in dioxane of such a 
ature as to increase markedly the extent of ion- 
vation over that produced by the salt alone. 


3. Titrations With Trichloroacetic Acid 


Figures 4, 5, and the left side of figure 6, show 
he curves for titrations with trichloroacetic acid. 
\ll curves for the forward titrations are qualita- 
ively similar. They rise to a maximum between 
lf neutralization and the equivalence point. 
mmediately beyond the equivalence point, the 
onductance tends to level off so that breaks in 
he curves at the equivalence points are very 
Curves for the forward and reverse 
itrations have entirely different shapes. The 
onductance increases throughout the reverse 
itration but at a faster rate beyond the equiva- 
ence point than before. The breaks, though not 
) striking as in the case of the forward titrations, 


yronounced. 


pre still quite definite. 

It is apparent from these curves that solutions 
ontaining free acid as well as salt have abnor- 
ually high conductances. The outstanding illus- 
ration is the titration of trichloroacetic acid with 
riethylamine, curve 1 of figure 4. The maxi- 
num occurs at X—0.3, which corresponds to a 
olution containing 0.0065-molar salt and 0.0027- 
The specific conductance of this 
olution is about 1.5107", whereas that at the 
quivalence point corresponding to a substanially 
ugher salt concentration of 0.0090 molar is only 
0x10". The drop in conductance just before 
the equivalence point is extremely sharp. On 
itrating the last 5 percent of acid there is a three- 
old drop in conductance. This behavior sug- 
fests a specific reaction between acid and salt 
leading to much greater ionic dissociation than 
‘an be attributed to the ordinary dissociation of 
the salt itself. 


nolar acid, 


Conductimetric Titrations 


In several instances, excess base causes an 
appreciable increase in conductance. For ex- 
ample, the forward titration curves for trichloro- 
acetic acid with di-n-butylamine and n-heptyla- 
mine in benzene, curve 1 in figure 5, and curve 1 
in figure 6, respectively, show a gradual rise in 
conductance beyond the equivalence point. Some 
interaction between salt and base is indicated, but 
the effect is relatively less important than in the 
case of acid and salt, and is insufficient to cause 
& maximum in the curve for the reverse titration. 

The maxima in the forward titrations are more 
pronounced in benzene than they are in dioxane 
or in benzene containing the small amount of 
alcohol. A comparison of the titrations of tri- 
chloroacetic acid with n-heptylamine in benzene 
and in benzene containing 1 percent of methyl 
alcohol, curves 1 and 2, respectively, in figure 6, 
shows that addition of alcohol has nearly elimi- 
nated the maximum and all but obsecured the 
end point. The effect of adding alcohol to 
dioxane is shown for the reverse titrations with 
trichloroacetic acid and triethylamine. The titra- 
tion in pure dioxane is represented by right-hand 
curve 3 in figure 4, and that after the alcohol had 
been added by curve 4. In the latter case, the 
end point is much less pronounced, and it would 
probably not be evident at all upon the addition 
of somewhat larger amounts of alcohol. 


4. Titrations With Camphorsulfonic Acid 


The very limited solubility of camphorsulfonic 
acid precluded its use in titrations in benzene at 
the desired concentration. Two titrations were 
made in dioxane, using triethylamine and di-n- 
butylamine, curves 3 and 4 in figure 6, respectively. 
The appearance of maxima in these curves, just 
as in the titrations with trichloroacetic acid, shows 
a similarity in behavior of the two acids. 


5. Accuracy of End Points 


Except for the titrations with picric acid and 
triethylamine in pure benzene, the end points were 
determined by the intersection of smooth curves, 
usually linear, drawn through points immediately 
on each side of the break in the titration curve. 
Agreement with the equivalence points calculated 
from the independently determined concentrations 
of the stock solutions was within 3 percent in 
every case. The average deviation was somewhat 
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less than 1 percent and within the experimental 
uncertainties. In the special case of titrations 
with picric acid and triethylamine in benzene, the 
end point was indicated by the previously de- 
scribed drift in conductance which was evidently 
confined to a region within 1 percent of the true 
equivalence point. Because of the nature of the 
end point, however, this particular titration is less 
suitable than the others; and it is apparently not 
applicable to other tertiary amines. 
Preliminary with tributylamine or 
triamylamine, although qualitatively similar to 
those with triethylamine, gave a slower and less 


certain 
titrations 


pronounced drift in conductance, which did not 
give a satisfactory indication of the end point. 
Although the effect of alcohol was not studied in 
these preliminary titrations, its addition would, 
in all probability, improve the titrations in the 
manner observed with triethylamine. 


V. Discussion 


It is apparent from the various graphs that the 
titrations, with the exception of those with picric 
acid and triethylamine in pure benzene, follow one 
of two general patterns. The simplest type in- 
cludes all the titrations involving picric acid and 
di-n-butylamine, and those with picric acid and 
triethylamine in benzene containing the small 
amount of aleohol. Corresponding curves for the 
forward and reverse titrations have the same 
general shape, and the conductance is controlled 
almost entirely by the concentration of salt 
formed during the neutralization. For the second 
type, curves for the forward and reverse titrations 
have entirely different, though complementary, 
shapes. In all forward titrations employing tri- 
chloroacetic acid or camphorsulfonic acid, the 
maximum well 


po 
This 


maximum occurs in the reverse titration in the 


conductance passes through a 


before the equivalence point is reached. 
picric acid and _ tri- 


particular case involving 


ethylamine in dioxane. Except in the titrations 
with picric acid and triethylamine, the character 
of the curves did not depend upon the solvent 
used, 

In order to account for the behavior of titrations 
of this second type, some specific reaction between 
salt and acid, or between salt and base in one 


instance, would seem to be required.’ Ajthoys 
independent data in dilute solutions lacking 
amine salts of carboxylic acids do form omplexe 
with excess acid under certain conditions. Raley, 
[5] has obtained evidence from the freezing point 
diagram of the system, octadecylamine-acetie ge 

of the presence not only of the 1:1 mpound 
representing the simple salt but also of a ompour 

containing two molecules of acid to one of bas, 
Prideaux [6] found that the conductance of ¢j, 
two component system, diethylamine-propio, 

acid, when corrected for changes in viscosity hy 
a maximum value in the neighborhood of 70 mo 
percent of acid, and concluded that a comp), 
salt having a higher conductance than the sim, 

salt was formed. 

That carboxylic acids associate into dimes 
through the formation of hydrogen bonds in ; 
vapor phase and in solvents like benzene is y 
established [7]. The reaction between simple s 
and acid, formulated by HB* . . A-+HA 
He’ .. BAT, might be attributed to the forn 
tion of a complex anion having a similar struct 
except that only one hydrogen bond could 
formed. For the case of trichloroacetic acid 
structure would be represented by 


Formation of such a complex salt would be 
pected to enhance the conductance of the solut 
The larger size of the complex anion and the bet! 
shielding of its charge should lead to a hig! 
degree of dissociation of ion pairs into free ion: 
than for the simple salt, by diminishing the att 
tive forces between the oppositely charged ions 
It is interesting to note that the reaction | 
tween acid and salt still takes place when dioxa 
rather than benzene is the slovent. Dioxan¢ 
other solvents the molecules of which cont 


acceptor atoms, tends to destrey hydrogen honds 


The high conductances of solutions containing salt and a 
were noted by La Mer and Downes in the titration of trich) 
with diethylamine in benzene, previously mentioned [1 I 
oncluded that there was a Debye salt effect which increased grea 
issociation of the acid. However, the ionic strengths of these 
videnced by their extremely low conductances, are so small t 


nterpretation would hardly seem valid 
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ver molecules because of its own ten- 
rm hydrogen bonds with them. Car- 
is, for example, do not associate into 
oxane. Consequently, a complex anion 
f the type postulated above would hardly be 
xpected to be sufficiently stable in dioxane to give 
observed maxima in the titration curves, 
niess an exceptionally stable structure resulted. 


Althoug) botweell 
lacking 
9M plexes 


Ralsto, 


Ng point 


ymers il 


eu acid 
Mpound 
mMpound 
of base 
e of th 


though the presence of a negative charge on the 
omplex ion should tend to strengthen this con- 
entional type of hydrogen bonding, it would 
ppear more likely that the ion has a somewhat 
Resonance in the carboxylate 


ropiony 
Sity ha 
70 moliMifferent structure. 
complerfimon gives both carbon-oxygen bondsa partial double 
© simpllibend character and makes them equivalent. In 
he complex anion the proton of the second carb- 
dimen vl group could assume a position where it was 
in thelfqually shared by all four oxygen atoms as indi- 
1s wellibated by the structure 
nple Sil 
+HA 
e forma. 
truct 
ould j 
cid, thefffRather than the planar configuration shown, the 
ur oxygens would, in all prebability, be located 
Because of the 


ompact structure and the gain in energy through 


etrahedrally around the proton. 


omplete resonance of both carboxyl groups, this 
onfiguration should be more stable than the 
evious structure involving the more conventional 
be ofmtype of hydrogen bond. 
olutir The similarity in behavior of trichloroacetic 
» betteggmeid and camphorsulfonic acid indicates a corre- 
highermpponding interaction between the latter acid and 
is salt. A bonding of the sulfonic acid group 
attra th the sulfonate ion in a manner analogous to 
a hat formulated in the case of the carboxylic acid 
ko | ould appear likely 


lioxal The behavior of the titrations involving picric 


cd and triethylamine in dioxane, where solutions 
ontaining both salt and base have unexpectedly 
gh conductances, suggests a strong reaction 
between salt and base leading to the formation of 
hydrogen-bonded complex cation, as RsN*—H 
NR; in this particular case. The possibility 

| lorming this same complex cation exists in other 
vases, for example, in the titrations of trichloro- 
cid or camphorsulfonic acid with triethyl- 

| dioxane. Its actual existence to any 


it extent is ruled out by the experimental 


Conductimetric Titrations 


data which fail to show any marked rise in con- 
ductance during the forward titrations after the 
equivalence point has been reached. This fact 
is not too surprising as the salts exist almost 
entirely in the form of ion pairs so that the be- 
havior of the cation is influenced by the nature 
of the attached anion. 

The anomalous behavior of titrations with pic- 
ric acid and triethylamine in benzene has been 
discussed previously. In a few of the other titra- 
tions, small variations in conductance with time 
took place which were not confined to any partic- 
ular portion of the titration curves. Since a 
direct current bridge was employed, it is quite 
possible that variations were associated 
with some polarization phenomenon and could be 
eliminated by an alternating current method. 
These drifts were sometimes toward lower and 
In the 
titrations with picric acid and di-n-butylamine in 


these 


sometimes toward higher conductances. 


benzene, for example, drifts toward lower conduc- 
The con- 
ductance immediately after addition of the titrat- 


tance, or higher resistance, were noted. 


ing solution and mixing was several percent higher 
than the steady value reached in 10 or 15 seconds. 
Reversal of the polarity of the bridge caused an 
immediate increase in conductance to or slightly 
above the initially observed value which was then 
followed by a decrease to the same steady value 
Subsequent mixing also tended to 
value. A rather detailed 
study of an apparently analogous effect also with 
direct current, has been reported by Fuoss and 
Elliott [8] in which the electrolyte was tri-n- 
butylammonium picrate and the solvent, tricresy] 


as before. 


restore the original 


phosphate, a highly viscous medium with a rela- 
The attainment of 
a steady state required a much longer time and 


tively low dielectric constant. 


the change in conductance was much greater in 
this case. These authors attributed this slow 
increase in effective resistance of the development 
of a space charge in the solution near the elec- 
trodes which deceased the potential gradient 
across the main body of the solution. 

Drifts toward higher conductances, observed 
with 


acid and n-heptylamine in dioxane, occurred more 


for example in titrations trichloroacetic 
slowly and several minutes were required to reach 
a steady state. As before, mixing the solution 
restored the initial value. This drift cannot be 


attributed to the development of a space charge 
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On reversal of the polarity, however, an effect 
similar to that described in connection with the 
titrations involving picric acid and di-n-butyl- 
amine was also observed, so that there would ap- 
pear to be a superposition of at least two different 
effects. Observation of these drifts was more or 
less incidental since they did not interfere with the 
titrations, provided a consistent procedure was 
followed in taking the readings. Where the drifts 
were relatively slow, the initial conductances, re- 
producible on repeated mixing, were used. The 
final or steady values were used where the drift 
In a majority of cases the 


was quite rapid. 
systems were quite stable and no variation in 


conductance was observed either on reversal of 
the polarity or on mixing. Where drifts were 
observed, addition of the small amount of alcohol 
to the solvent eliminated them. To explain these 
drifts in certain systems and their absence in 
others will require a more thorough investigation 
employing both alternating and direct current 
methods. 

The results of the present investigation show 
that conductimetric titrations of acids and bases 
are feasible in solvents of the lowest dielectric 
constants though the conductances are 
lower by a factor of 107° than they would be in 
The diversified behavior of these systems, 


even 


water. 
not anticipated from studies in the usual solvents, 
makes generalizations difficult. Qualitatively, the 
assumption of the formation of a complexion 
accounts for the behavior of a number of the 


titrations, but additional experiments! data , 
be required before a more complete in rpretatiog 
in terms of reaction equilibria can be made, ‘1 
data also are of interest in connectio 
general problem of acid-base equilibria 


With th 
Media of 
While in certain jy 
stances such reactions do seem to follow a simp) 
mass law [9], in others the behavior is more coy 
plicated [10]. In addition to factors such as x 
sociation of the acids and salts, the formation » 


low dielectric constant. 


complex salts as suggested by the present stydj 
may introduce additional complications, particy 
ly in cases where carboxylic or sulfonic acids , 
employed. 
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Analyses of Alkylates and Hydrocodimers 


By Augustus R. Glasgow, Jr., Anton J. Streiff,?, Charles B. Willingham, and 
Frederick D. Rossini 


This paper presents the results of work by the American Petroleum Institute Research 


Project 6 on the analyses, with respect to individual hydrocarbon components, of 28 differ- 


ent alkylates and hydrocodimers. 


The samples reported include 15 sulfuric-acid alkylates 


(one C3, six Cy, one C,-Cs, four Cs, one hot-acid dimer, one hot-acid trimer, and one cold-acid 


trimer), five hydrofluoric-acid alkylates (one Cs, one C;-C,, one Cy, one C,-C;, and one Cs), 


and 8 hydrocodimers. 


The analyses were made utilizing analytical distillations performed at 


high efficiency with high reflux ratio, together with accurately measured values of boiling 
point (obtained during the distillation) and of refractive index of the fractions of distillate. 


Also included in this report is a summary of the results of the subsequent spectrographic 


analyses, with respect to individual components, of one of the C, alkylates by six different 


laboratories, involving one Raman, one mass, and four infrared spectrometers. 


I. Introduction 


As part of its war research program, the Ameri- 
can Petroleum Institute Research Project 6 at the 
National Bureau of Standards was called upon, by 
the Technical Advisory Committee of the Petro- 
leum Industry War Council and the National 
Advisory Committee for Aeronautics, to deter- 
mine the hydrocarbon components in a number of 
representative alkylates and hydrocodimers.* 

This report presents the results of the analyses, 
with respect to individual hydrocarbon compo- 
nents, of 28 different alkylates and hydrocodi- 


*Presented at the annual meeting of the American Petroleum Institute, 
before the Division of Refining, at Chicago, Illinois, November 12, 1946. 
his investigation was performed at the National Bureau of Standards 
as part of the work of the American Petroleum Institute Research Project 6 
the Analysis, Purification, and Properties of Hydrocarbons. 

? Research Associate on the American Petroleum Institute Research Proj- 
ect 6 at the National Bureau of Standards. 

In this report, the term “alkylate” is used, in conformity with industrial 
practice, to designate those mixtures of branched-chain paraffin hydrocarbons 
produced by the addition of olefins to paraffins. In particular, a propylene 
or C;) alkylate is ane produced from materials that are largely propylene in 
the olefin stock and largely butanes in the paraffin stock; a butene (or C, 
ilkylate is one produced from materials that are largely butenes in the olefin 
stock and butanes in the paraffin stock; a pentene (or Cs) alkylate is one pro- 

! from materials that are largely pentenes in the olefin stock and butanes 
¢ paraffin stock; a dimer alkylate is one produced from materials that 
rgely octenes in the olefin stock and butanes in the paraffin stock; 
rimer alkylate is one produced from materials that are largely dodec- 
the olefin stock and butanes in the paraffin stock. Similarly, in 
mity with industrial paractice, the term “hydrocodimer” is used to 
ste those mixtures of branched-chain paraffin hydrocarbons (largely 
produced by the hydrogenation of a “‘codimer” (largely octenes) 
been produced by the codimerization of butenes. 
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mers, including samples of sulfuric-acid alkylates, 
hydrofluoric-acid alkylates, sulfuric-acid hydro- 
codimers, and phosphoric-acid hydrocodimers. 

The correlation of the composition of these alky- 
lates and hydrocodimers with the conditions of 
manufacture on the one hand, and with the proper- 
ties of the product on the other, is made in an- 
other report by Gould and Field [1] * 


II. Samples Analyzed 


The 28 different alkylates and hydrocodimers for 
which analyses are given in this report are listed 
in table 1,° which gives the API Research Project 
6 sample number, the name of the sample, the 
maker of the material, and the date on which 
the original report of analysis of the material was 
issued. Additional identification and properties 
of the samples, the character of the “feed’’ stocks, 
ete. are given in the paper by Gould and Field [1]. ° 


III. Procedure 


The analyses were made by performing extended 
analytical distillations at high efficiency with high 
reflux ratio and utilizing accurately measured 
values of boiling points (to +0.01 deg C), obtained 

‘ Figures in brackets indicate the literature references at the end of this 


paper. 
' The tables and figures are at the end of this paper. 











during the distillations, and values of refractive 
index (to +0.0001) obtained on the fractions of 
distillate after the distillation. 

Complete details of the assembly, testing, and 
operation of the distilling columns used in this 
work are given in another report [2]. 

The procedure followed in the analyses of the 
alkylates and hydrocodimers reported here may 
be simply illustrated by following through one of 
the samples, as follows: 

A volume of 5,500 ml of a C, Alkylate (H,SO,), 
sample 27, was placed in still 4 on April 3, 1944. 
The distillation was continued until May 18, 
1944, approximately 1,100 hr, with distillate being 
removed at the rate of 4.7 ml/hr. At each hour 
during the distillation (which corresponds to each 
4.7 ml of distillate), the temperature of the liquid- 
vapor equilibrium in the head of the column was 
recorded to the nearest 0.01 deg C, and the incre- 
ment in the volume of distillate was measured. 
The distillation yielded 272 fractions of distillate, 
each about 19 ml in volume. 

The refractive index, np, at 25° C, of each of 
the fractions of distillate was 
- 0.0001 with NBS Standard Sample of 2,2,4- 
trimethylpentane as a reference substance, on 
Valentine refractometers, Abbe type, graduated 
directly to 0.0001. 

Plots of the boiling point, and of the refractive 
index of the fractions of distillate, as a function 
of the volume of distillate, were made on an 
expanded scale, with 1 mm on the horizontal scale 


measured © to 


equivalent to 5 ml in volume of the distillate, and 


with 1 mm on the vertical seale equivalent to 
0.2 deg C in boiling point or to 0.0001 in refractive 
index. A reproduction of these plots for sample 
27 is given in figure 19 

From its manner of preparation, the butene 
alkylate was known to be substantially all a 
mixture of paraffin hydrocarbons. The olefin 
content was checked by determining the bromine 
number, with pure, olefin-free “isooctane’’ as a 
reference.’ The presence of possible small amounts 
of aromatic hydrocarbons, as well as olefin hydro- 
carbons, was checked by searching for abnormali- 
ties in the curve of refractive index versus volume, 
especially at or near the “break points”. Where 
found in significant amount, allowance for the 

‘ Edith M. Pauls, laboratory assistant on the API Research Project 6 


performed most of these measurements 
’ The bromine numbers were determined under the supervision of R. C 
Hardy, of the Bureau's Section on Lubricants and Liquid Fuels 
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olefin or aromatic hydrocarbon was appr priate) 
made in the reduction of the data from the eyr,, 
of refractive index versus volume. 

The next step in the reduction of the data wos 
to determine the appropriate break points pp. 
tween adjoining horizontal or nearly horizonty 
parts of the curves of boiling point versus volym, 
and refractive index versus volume. (For ¢op. 
venience, these parts of the distillation curve wil) 
be called “‘flats’’.) 

The appropriate break point between two ad- 
joining flats is that point at which the distillg;, 
has a composition that corresponds substantially 
to equal amounts of the material of the two flats 
The break points can be determined easily in terms 
of equal volumes of material in the case of th 
curve of refractive index, and in terms of equ 
molal amounts in the case of the curve of boiling 
point. Actually, difference by 
tween equal volumes and equimolal amounts js 


however, the 


not significant in connection with the location of 
the break points in the present investigation. 

In the simple case where each flat represents 
substantially one compound (as, for exampl 
compound A in one flat and compound B in t! 
succeeding flat), the appropriate break point in th: 
curve of boiling point versus volume is at that 
volume where the distillate is, in mole fractio: 
0.5 A and 0.5 B, which point is located as being at 
following 


the temperature determined by the 
relation: 


0.5 P4+0.5P_-P. 

In eq 1, P4 and Ps, represent the vapor pressures 
of pure A and pure B, respectively, at the sought- 
for temperature ts, and P is the total pressure at 
which the distillation is performed. This idea 
relation holds sufficiently well for the mixtures o! 
branched-chain paraffin hydrocarbons encountered 
in this investigation. The sought-for tempera- 
ture, ty, will always be less than the average o! 
The difference between ty and th 


; 


t, and ty, 
average of ¢, and fg becomes insignificant as 
approaches ¢,, and, when ¢, and ft, differ only by : 
few degrees, the break point may be located mid 
way in temperature between the two flats without 
significant error. The break point obtained fo! 
equimolal amounts is assumed to be the sam« 
the break point for equal volumes, withir 
significance of the present data. 

Whenever the material on either or both fla 
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| of two or more components, the break 
ocated as outlined above, except that the 
ures on each of the two flats are taken as 
measured and considered to be the average for the 
components on the given flats, and further, the 
of the boiling point with pressure are taken 
as an average of those for the possible components. 

Actually, while the location of the temperature 
of the break point becomes less certain, the greater 
the difference in temperature between the two 
fats, the uncertainty of the location of the break 
point in terms of volume of distillate is little 
affected because of the fact that, as the difference 
in the two temperatures increases, the break 
between the two flats becomes sharper and there is 
a much more rapid change of temperature with 


compo 
point | 
tempe 


chang‘ 


volume. 

For the curve of refractive index versus volume, 
when two adjoining flats represent single com- 
ponents, A and B, respectively, the break point is 
located at that point at which, when a vertical line 
is erected, the area bounded by the vertical line, 
the refractive index curve to the left of the vertical 
line, and a horizontal extension (to the right) of 
the refractive index flat for compound <A, is equal 
to the area bounded by the vertical line, the refrac- 
tive index curve to the right of the vertical line, 
and a horizontal extension (to the left) of the 
refractive index flat for compound B. This pro- 
cedure assumes the refractive indices to be additive 
with volume on mixing, which assumption will 
not introduce any significant error for the mixtures 
of paraffin 
investigation. 

When one or both of the flats represent two or 
more components, the same procedure is followed, 
with the understanding that the refractive index 
flat represents the mean refractive index for the 
(wo or more components in each case. 

If the data are exact and have been correctly 
reduced, the break points on the curve of boiling 
point versus volume will be located at the same 
volume as the break point on the curve of refrac- 
tive index versus volume, within their respective 
limits of uncertainty. (In the present investiga- 
ion, appropriate correction was made, as neces- 
sary, for the volume of liquid hold-up in the line 
between the thermometer and the receiver, in 
order to have the values of boiling point and re- 
fractive index apply exactly to the same part of 
the distillate. 


hydrocarbons encountered in this 
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The next step was to estimate the relative 
amounts of the individual components when two 
or three resolvable compounds occur in one flat. 
When there are only two possible components in 
one flat, the relative amounts of the two compo- 
nents can be calculated from the mean value of 
the boiling point on the flat and the known values 
of the boiling points of the two pure compounds 
(at the given pressure), according to relations 


Icot+2p=1 
and 
tePco+2pPp=Py, 

where zc and rp, are the mole fractions of the 
two components C and D, and Pe, Pp, and Py are 
the vapor pressures, respectively, of pure C, pure 
D, and the mixture at the given temperature, f. 
An independent value for the relative amounts of 
the two components can likewise be calculated 
from the mean value of the refractive index on 
the flat and the known values of the refractive 
indices of the two pure compounds, according to 
eq 2 and the relation 


IcNct+IpNp—Ny, (4) 


where Nc, Np, and Ny are the refractive in«ices, 
respectively, of pure C, pure D, and the mixture. 
These two values of the relative amounts should 
be in accord within their respective limits of 
uncertainty.* However, when P¢ is nearly equal 
to P»,, and ne is nearly equal to np, the relative 
amounts of the two compounds cannot be deter- 
mined from these properties. 

When a given flat represents three components, 
A, B, and C, the relative amounts of the three 
components may be estimated from the following 
three simultaneous equations: 


Lattpt+Ie (5) 
Ning Latha T ITalip + Icle (6) 


> > > > vd 
Py =taP 4 +tePs+2%cPc. (4) 
— 
* The uncertainty in the value of the relative amounts of the two compo- 
nents in one flat determined from the curve of refractive index versus volume 
is given by the relation 


etc=[1/(np—ne)] [r3-02n4 +2}, e8np+e%nu)!?. 


In this equation, np—‘c is the difference in the refractive indices of pure C 
and pure D, rc is the mole fraction of the material which is component C, 
Zp (or 1—rc) is the mole fraction of the material which is component D, and 
fc, eRp, and eny are the uncertainties in the values of refractive indices of 
pure C, pure D, and the mixture, respectively. 

The corresponding uncertainty for the case of the curve of boiling point ver- 
sus volume is obtained by substituting vapor pressure or temperature for re- 
fractive index in,the foregoing equation. 
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In these equations, z,, %,, and z- are the fractions 
of A, B, and C, respectively; n4, Ng, Ne, and Nyy are 
the refractive indices of A, B, C, and the mixture, 
respectively; and P,, Ps, Pe, and Py are the 
vapor pressures of A, B, C, and the mixture, 
respectively, at the temperature on the flat. 
Whenever the value of a given property is nearly 
the same for two of the components, it will not 
be possible to determine the relative amounts of 
these two components, but only their sum, from 
the above relations. 

When a given flat represents more than three 
components, it is not possible to calculate the 
amounts of the individual components without 
measuring an additional property which has suf- 
ficiently different values for the several com- 
ponents. 

In the case of minor components appearing 
near the beginning or the end of one of the flats 
in the curve of boiling point versus volume, the 
amount of such components can be calculated 
from the curve of refractive index versus volume 
when these minor components differ sufficiently 
in refractive index from the main component of 
the given flat. 

The values of refractive indices, and of boiling 
points at various pressures, for the pure paraffin 
hydrocarbons involved in this investigation were 
taken from the tables of the API Research Proj- 
ect 44 [3]. 

Following the above procedure, and referring to 
the curves of boiling point versus volume and 
refractive index versus volume in figure 19, the 
various components of the butene alkylate ana- 
lyzed as sample 27 were determined as follows: 

(1) From flats with one component: Material 
(largely n-butane) lower-boiling than isopentane; 
isopentane; n-pentane; 2,3-dimethylbutane; 2,2,4- 
trimethylpentane; 2,3,4-trimethylpentane; 2,2,5- 
trimethylhexane; 2,3,5-trimethylhexane. 

(2) From flats with one major component, with 
one or more minor components at the beginning 
or end of the flat: 2-Methylpentane; 2,4- 
dimethylpentane; 2,3-dimethylpentane; 2,3,3-tri- 
methylpentane. 

(3) From flats with two major components, with 
one or two minor components at the beginning or 
end of the flat: 2,5-dimethylhexane plus 2,4- 
dimethylhexane. 

(4) As minor components occurring at the 


beginning or end of a flat: 3-Methylpentane; 
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2,2-dimethylpentane; 2,2,3-trimethylbu‘ ane: ». 
methylhexane; 3-methylhexane;  2,2-c methy). 
hexane; 2,2,3-trimethylpentane;  2,3-d methyl. 
hexane; 3,4~dimethylhexane. 

Table 2 important 
concerning the analytical distillation of each of jp 


summarizes the details 


28 samples. 


IV. Analyses of 28 Alkylates and 
Hydrocodimers 


Figures 1 to 28, inclusive, show graphica|) 
the results of the analytical distillations of the x 
samples listed in table 1. These illustrations 
show, as a function of the volume of distillate, a 
of the percentage by volume of distillate, 
boiling point of the distillate and its refract 
Table 2 gives some additional information 
distillation 


index. 
concerning the analytical of the 
28 samples. 

Tables 3 to 7 give the composition, with respect 
to individual components, of the material abo. 
pentanes, for each of the 28 samples, as fo!lows 
Table 3, two propylene alkylates and one mix 
propylene-butene alkylate; table 4, seven bute 
alkylates; table 5, five pentene alkylates and twe 
table 6, on 


alkylates 


mixed butene-pentene alkylates; 
“dimer” alkylate and two “trimer” 
table 7, eight hydrocodimers. 

The butene alkylate analyzed by the API k 
search Project 6 as sample 24 was also analyzed 
in part by several other laboratories. Tabi 
gives a comparison of the analysis of this bute 
alkylate by the following laboratories: API R 
search Project 6, by the method described in t! 
report; Standard Oil Co. (Indiana), by analytic: 
distillation and physical properties of the dist 
late; Shell Oil Co., by analytical distillation 
physical properties of distillate, plus infrared {0 
2,3,4-trimethylpentane and 2,3,3-trimethylpe: 
tane. 

The values given in tables 9 to 13 have bea 
calculated from the values given in tables 3 to! 
For the 20 alkylates and 8 hydrocodimers, tab 
9 gives the relative amounts of hexanes, heptane 
octanes, and nonanes, and higher paraffin 
Tables 10, 11, 12, and 13 give, for the 28 samp) 
the relative amounts of some individual branche¢ 
chain hexanes, heptanes, octanes, and nonan 
respectively. 
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Resul's of Cooperative Spectrographic 
Analysis of an Alkylate 


to obtain comparative data on the 
~trographie analysis of a representative alky- 
with the spectrometers then being brought 


In ord 


, use by the laboratories of the petroleum 
justry, and also to see how such analyses might 
mpare With analyses made by the method of 
ended analytical distillation (plus boiling point 
| refractive index) as described in this report, 
» of the alkylates analyzed in the present work 
; prepared for subsequent spectrographic anal- 
is by several different laboratories. 
The alkylate selected for this cooperative analy- 
was the butene alkylate analyzed as sample 27. 
approximately 5 liters of distillate, collected 
272 fractions, was blended into 50 lots, as shown 
the horizontal row of numbers near the middle 
figure 19. From each of these 50 lots, 8 sam- 
sof 4 ml each were sealed in glass ampoules. 
e material remaining in each of the 50 lots 
ps also sealed in glass ampoules for retaining. 
xe set of 50 samples was sent to each of the 
oratories for spectographic analysis. The labo- 
ories participating in the cooperative specto- 
sphie analysis of sample 27, together with the 
thods used, and the date of reporting the analy- 
are as follows: Standard Oil Development 
Elizabeth, N. J.; with infrared spectrometer; 
alysis reported January 2, 1945. Atlantic Re- 
ing Co., Philadelphia, Pa.; with mass spectrom- 
+; analysis reported June 22, 1945. Socony- 
Paulesboro, N. J.; with 
rared spectrometer; analysis reported July 25, 
5. Sun Oil Co., Norwood, Pa.; with Raman 
ctrometer; analysis reported October 8, 1945. 
versal Oil Products Co., Riverside, Ill.; with 
rared spectrometer; analysis reported April 24, 
. Phillips Petroleum Co., Bartlesville, Okla. ; 
h infrared spectrometer; analysis reported 
ne 20, 1946. 
he spectrographic analyses reported by the 
eral cooperating laboratories are summarized 
table 14. The results indicate good agreement 
t only among the laboratories using the same 
of spectrometer (infrared), but also among 
se using different types of spectrometers (mass, 
man, infrared). Further, the results from the 
vtrographic analyses are in good accord with 
analysis of sample 27 from the present work. 


cuum Laboratories, 
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VI. Discussion 


In connection with the analyses presented in 
this report, the following observations may be 
made: 

In relative amount among the heptanes, octanes, 
and nonanes, the heptanes are largest in the 
propylene alkylates, the nonanes are largest in 
the pentene alkylates, and the octanes are largest 
in the butene alkylates and the dimer and trimer 
alkylates. 

The various paraffin hydrocarbon isomers are 
produced in relative amounts that do not, in a 
broad sense, correspond to thermodynamic equi- 
librium, although in some cases, two or three 
isomers of not too dissimilar structure may be 
found in relative amounts corresponding approxi- 
mately to thermodynamic equilibrium 4, 5). 
This observation is apparent from the fact that 
the relative amounts of the individual dimethyl- 
hexanes and the individual trimethylpentanes 
can be appreciably altered by changes in the con- 
ditions of manufacture, as shown in the report by 
Gould and Field [1]. 

In the 15 alkylates having appreciable amounts 
of hexanes, the amount of 2,3-dimethylbutane 
was, on the average, 64 +10 percent of the total 
hexanes. 

In both the alkylates and hydrocodimers, the 
heptanes present in large relative amount are 
2,4-dimethylpentane and 2,3-dimethylpentane, 
with 2,2-dimethylpentane, 2-methylhexane, and 
3-methylhexane in small amount, and the other 
heptanes being substantially absent. 

In the alkylates, the octanes present in large 
relative amount are 2,2,4-trimethylpentane, 2,3,4- 
trimethylpentane, and  2,3,3-trimethylpentane, 
with 2,5-dimethylhexane, 2,4-dimethylhexane, and 
2,3-dimethylhexane in small amount and the 
other octanes being substantially absent. 

In the hydrocodimers, excluding the hot-acid 
hydrocodimer, sample 35, the octane present in 
largest relative amount is 2,3,4-trimethylpentane, 
with 2,2,4-trimethylpentane, 2,2,3-trimethylpen- 
tane, and 2,3,3-trimethylpentane in smaller 
amount, 2,2-dimethylhexane, 2,5-dimethylhexane, 
2,4-dimethylhexane, 2,3-dimethylhexane, and 3,4- 
dimethylhexane in still smaller amount, and the 
other octanes substantially absent. 

In the 11 alkylates having appreciable amounts 
of nonanes, the relative amounts of the two 


541 











trimethylhexanes present in large amount were 
1.5 for 2,2,5- 


2.3,5-tri- 


substantially constant, being 82.9 
trimethylhexane and 17.1 
methylhexane. 

The hydrocodimers, excluding the 
hydrocodimer, sample 35, differ from the alkylates 


+1.5 for 


hot-acid 


in usually having in relative amount, among the 
octanes, less 2,2,4-trimethylpentane, more 2,2- 
dimethylhexane, more 2,2,3-trimethylpentane, 
more 2,3,4-trimethylpentane, less 2,3,3-trimethyl- 


pentane, and more 3,4-dimethylhexane, and in 
relative amount among the heptanes, more 2,3- 
dimethylpentane and less 2,4-dimethylpentane. 

The dimer and trimer alkylates, for the produc- 
tion of which [1] the olefin charging stocks were 
largely C, and C,, olefins, respectively, have com- 
positions that are not greatly different from the 
regular butene alkylates 

Eight different highly branched paraffin hydro- 
carbons can be obtained, in a purity of about 90 
mole percent or better, by efficient distillation 
(equivalent to 100 or more theoretical plates) of 
appropriate alkylates or hydrocodimers, as fol- 
lows: 2,4-Dimethylpentane from C, alkylate; 2,3- 
dimethylpentane from C; alkylate ; 2,2,4-trimethyl- 
pentane from C, alkylate; 2,2,3-trimethylpentane 
from hydrocodimer (hot-acid); 2,3,4-trimethyl- 
pentane from hydrocodimer (phosphoric acid); 
2,3,3-trimethylpentane from C, alkylate; 2,2,5- 
trimethylhexane from C, alkylate; 2,3,5-trimethyl- 
hexane from (, alkylate. 


Grateful acknowledgement is made to the Stand- 
ard Oil Co. (Ind.), Shel) Oil Co., Standard Oil 
Development Co., Atlantic Refining Co., Socony- 
Vacuum Laboratories, Sun Oil Co., Universal Oil 
Products Co., and the Phillips Petroleum Co. for 
permission to include in this report the results of 
analyses made by their respective laboratories, 
as indicated in sections IV and V of this report. 
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Table 6-Analyses of three “dimer” and “trimer” atkylates 








Boiling Dimer (hot acid) Trimer (hot acid) Trimer (cold acid) 
point Alkylote (Hz SO4) Alkylote (H> S04) Alkylote (H» S04) 
at Sample 34 Sample 2! Sample 43 

Components 1 atm (see figure 21) see figure 15) (see figure 27) | 

| 

SSS... = eee 

( Percentage by volume above pentones) 

}+}—_— —y- - Y + 

| - 

2,3-Dimethylbutane . . i 42° 10 | 66°08 
| 2=Methylpentone ‘ . ’ 5.9 +0.5 1.3 +07 
3—Methyipentane } 1? £0.9 05 203 








— mattieens ——— 


03. +03 0.5 aes } 
46°+08 4.5°+ 0.7 


_— — . 
2,2— Dimethyipentane 3. 03.202 


J 
| 2.4—Dimethyipentane | . 2.6°+ 0.8 } 2.9 205 





_3—Dimethylpentane . 2.6 +08 3.2 +08 } 


Methyihexone . ‘ 0.5 } 0.4 +02 


2 

2 
l 

3—Methyinexone 0.3 +0 


2,4—Trimetnyipentane . . J 30. \ 31.4 +0.7 





5- Dimethyihexane oo | hast 
'4—Dimethyihexane 109.4 . . jf 8st is 
2,2,3—Trimethyipentane | 09.8 J , | 25 +1 | 20.6 


2,3,4-Trimethyipentane | 13.5 4.9 +20 


2,3,3—Trimethyipentane 148 = | ? 442.0] 1. 2.0 fess +20] 125 +2.9 


2,3- Dime thyihexane | 115.6 a 1.9 £0.9 
3,4—Dimethyinexone 117.7 O07 +04 


gE 22 5- Ra ce 24.1 2. : . 3.4 + 10 
memetinion 127-143 : J | . . Lt +06 
soporaffins 143-5! 
tsoparof fins | 43-160 
lsoporoffins | 147-152 
tsoporoffins 15!— 160 
lsoporof fins >152 
lsoporof fins | ‘60-175 18 +0. 5 
lsoparoffins 175 | 49 +0, 1.8 


100.0 | 100.0 100.0 
—— _ a ~ —E 


© Moy include o small amount of 2,2 — dimethylbutone © Moy include o small amount of 2 ,2-cdmethyihexane 
> Moy include o small amount of 2.2.3-trimethylbutone 3 May include o small omount of 3,4-dimethyihexone 
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TARLE 8. Comparison of the analysis of the octanes in the 
/ / . 


butene alkylate, sample 24, by several laboratories 


[Values are percentage by volume (above pentanes 


API Standard 
Research 
Components Project 6 
November 
30, 1943 


Shell Oil 
Co 
(February 
2, 1044 


2, 4-Trimethylpentane 
5- Dimeth ylhexane 
. 4- Dimethylhexane 
2, 3-Trimethylpentane 
. 3, 4-Trimethylpentane 
. 3, 3-Trimethylpentane 
t- Dimethylhexane 


Toble 9~Relotive amounts of hexones, hepfaones. octanes, and nonones higher poroffins 
20 ahylates ond 8 hydrocodimers 


T 


Higher 


Material Poroffins 


| 
A 


volume 

Alkylate (Hz S04) 

Alkylote (HF) 

Cg Alkylote (HF) 

Aikyiote (Hy SO,4) 

Alkylate (Hp SO4) 

Alkyiote = (Hp S04) 

Altylote (H, SO) 

Alkyiote (H, SO,4) 

Alkylote (Hp SO,4) 

Alkyiote (HF) 

Cy Alkylote (HF) 

Cs Alkylote (Hp S04) 

Alkylate (Hp SO4) 

Alkylate (Hz SO4) 

Altylate (Hp S04) 

Alnyiote (He SO, 
Cy Abylote (HF) : 5.5 } won 
Dimer (hot acid) Alkylate (Hp SO, ) A 0. 100.0 
Trimer (hot acid) Alkylote (Hp SO,4) 0 100.0 
Trimer (cold ocid) Alkylote (Hp SO, | } 100.0 
Hydrocodimer (hot acid) i J .0 100.0 
Hydrocodimer (salid phosphoric acid) y ‘ . 100.0 
Hydrocodimer (phosphoric acid) ) . |} 00.0 


Hydrocodimer (Lowrenceville) : } 100.0 


Mydrocodimer (Tulsa) . . ‘ | 100.0 


Hydrocodimer (Limo 6) 
Hydrocodimer (Limo 7) 


(HSO 1684) 





and Hydrocodimers 





Table K Reiotive amount of 2,5-dimethyibutone im the hexane = fraction of 15 obylotes 





= | 2:2-Ometnybutone | * 
pus | | 
| Semple ‘tiene 2,3- Oenethyibutane 2 — Total | 
No 3 -Methyipentane 
L = 
Relotive omount by volume ~ 
r + + ~ 7 ~ 
20 Cy Alkylote (H, SO, 66.C 34.0 100 
? Cy Alkylote (HF) 58.0 . 00 
|} 16 Cy-Cq Alkylote (HF 60.9 39 io 
Cag Alkylote (H,SO, 62.5 37.5 100 
| 2 | Gq Almylate (H,SO, 64.5 35.5 100 
| 9 Ca Alkylote (He SOs 78.3 21.7 
4 «= CAlhylote (H» SO, 74.5 $.8 00 
4 “4 Alxylote Me 4 76.5 x. 
Cg ~Cy Alkylate § (H, SO, 56.C 44 
“5 6 Alylote §=(H, SO, 448 55.2 100 
2 | Gy Altylote (4,50, 45, 55. ( 
| 
23 Cg Alkylote (Hz S04) 47. 52.3 
44 Dimer (hot acid) Alkylote (Hz S04) 639.4 30.6 00 
Trimer (hot acid) Alkylote (Hp SO, r2 26.8 
43 Trimer (cold acid) Alkylote (Hp SO, 78.6 21.4 100 | 
| Average | 642 iC 362 10 00 | 
| | | | J 
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Tobie |i— Relative amounts 





of the heptones in 20 olkyictes ond 7 hydrocodimers 

















uf ; 2,2- ] 2,4- 23- 2-Methyinexone 
Oime thy !— Dimetny!— Demethy |— plus Toto! 
— Moteriol pentone pentane pentone 3- Methyinexone 
Relotive emount by vohme 
L :- T T T 
20 Cy Alkylote (Hz SO4) 1.7 39.9 54.9 3.5 00.0 
, o Gye OF 9 44.0 | 51.0 3.1 00.0 
é Cy-Cq Alkylote (HF 69 41.2 44 78 00.0 
Cg Alkylote (H, S04) | - 53.7 32.9 13.4 00.0 
2 Cq Alkylote (Hp SO, | 6.2 48.7 30 5.0 00.0 
3 cq Alkylote (Hy SO, | 6.7 56.0 28.0 9.3 00.0 
Ca kylate He SO, 0.4 50.6 32.5 6.5 
4 Ca Alkylote (He. SO, 52.4 47.6 00.0 
C4 Alkylote He SO, 2.9 52.9 37, 43 97.2 
3 Cq Alkylote HF 57.8 42.2 00.0 
: Ca-Cq Alkylote (HF 51.4 48.6 
Ce-Cy (Hy SO, 54.8 26.2 9.0 00.0 
Cy Alkylate (Hp S04) 51.4 48.6 100.0 
2 Cy Alkylote He SO, 55.3 447 00.0 
2 Ce Alkylate (He SO, 62.5 37.5 00.0 
3 Cs Alnylote (Hg SOs 53 31.3 5.6 00.0 
- Ce Alkylote (HF 42.4 me 00.0 
34 Dimer (hot aoc) Alkylote (Hz SO4) 7.0 60.5 2s 00.0 
2 Trmer (hot acid), Alkylote (H» SO, 3.8 59.0 33.3 3.9 00.0 
43 Trimer (cold ocid) Alkylote (Hz SO,4 5.8 52.3 37.2 4.7 100.0 
a Hydrocodimer (solid phosphoric acid) 444 40.8 14.8 100.0 
| 
33 CO Hydrocodimer (phosphoric acid) 6.7 933 00.0 
36 =| Hydrocodimer (Lowrenceville) 37.0 630 100.0 
37 Hydrocodimer (Tusio) 16.2 75.7 € 100.0 
4 Hydrocodimer (Limo 6) 30.0 } 70.0 100.0 
42 Hydrocodimer (Lime 7) 31.8 61.4 68 100.0 
44 | Hydrocodimer (HSO 1684) es 788 100.0 
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Conteined aiso some 2,2 3-trimethyibutane; 
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Table Reiohve om ¢ - we * e ¥ yo ) 
methvy 
4 Z exone 4 : 5 4 
enete Tremetiny metry pus Trenetnyy Tremethy Trometny metry ene thy T 
~ Materia pentane nesone 4 pentane ventone pentane nesore hexane 
metry 
hesore 
; =~ ve amount Le v — 
i‘ + + r r ’ 7 + 
5 Alyote (, e 43.5 49 a4 4.9 8 6.7 
? ~ Aleylote (+ 55 35 a7 ; 5 OL 
é 2 4 Alkylate = (HF 499 5, 48 64 2° o 
4 Alylote (H, SO, 44.5 2 ? 48 s 5.5 " 
4 Almyate = (Hy S04) 35.2 62 5 4 65 5.3 00. 
9 4 Almylote (42 S04 38.0 © 25 24 rT? 62 1 
s4 0 Alhylote «= (Hp SOs 36.7 5 2 65 + 3 x 
a Ce Aayrote Me SO, sea4 a7 Z ‘9 rz 6 io 
27 4 Almylote (He S04 39.9 4 4 > 21.3 49 t 10.0 
5 4 Alkylote | (HF 499 é 3.5 2 7.4 0 
5 4 «= Alylote (HF 5 5.5 3.2 ] 24 6.9 Or 
4 6 Aimyote (H, 50, 40.5 ? e 43 20.5 4 00.0 
? 5 0 CAlkylote «= (Hp S04 43 4 ] ’ 48 3.6 10 
5 Aleylote § (Hp S04 434 4.5 4 4.7 4 ? Yi 
22 5 Albylote (Hy S04 473 - « 20.5 3 
5 5 Alkylote (Hp SOs 474 ? 2.2 7.6 96 25 4 
4 = Alkylote (HF 6 99 8 46 ‘ 3.0 ' 
4 wer ih wid) Alkylote (Hp SO, 445 , 5 24 2 a “ 
Tremer (hot acid) Altylote (Hy SO, a 4a 5a _ 
4 Trener wd ocd) Altylate (Hy SO 44.4 g r " 
35 mamer (bh xd 37 43 2 5 s ° 
a yor ime: s0hd phosphor xd + a 6 50.4 19 64 
33 Myr prner phosphoric = acd 5 ] 3 a a7 € 47 
s€ 4 y@roc od me ” J 4 52.4 5 7? 3.5 
5 yar duner (Tulsa . ® 45 49. 4 68 76° 
4 Mydroc o@ ner mo € 5 ’ 1.4 46 + 6 2 
47 tydr oc OGemne 1 m 67 ‘ 2 2.9 48 59 55 50° 
44 Mydrocodener (HS 684 37re 5 4 38.9 43 2.6 5° 
° Moy we ne her octones o Some 54> hmetmyine not included 
oie 3 — Re o ” ¢ - e metryMenone jiaylotes 
- =e 4 
moe \ Trometny T 
. Mote hexane 
. 7. — * — 
Reiatwe amount by volume 
€ " 4 Alkyote HF 8:8 6.2 . 
i Alhy Me S04 87 3 
4 Alkylote (He - a 
4 Alkylote (Hp S04 a3 ? 
5 4~Cs MF 85 6.8 
=a Cg Alkylote (MgSO, 80.S 9.5 
? 6 Alkylote (Hy SO, ase € 
5 Alkylote (Hz S04 8 29 
22 5 Alkylote (Hy S04 81.9 8 P 
23 Cg Alktylote (My S04 84 € 
4 5 Alkylote (HF “4 | 
82.9414 itis 
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Table 14-Summory of the results of the cooperotive analyses of the butene aikylote, Sample 27 
































aa $$ —_——_———— _ 7 a —_+—— —__—— . + ad 
= | Boiling | APIRPE Std. Oil Dev. | Atlantic Soc.-Voc. | Sun O v.0P | Phillips 
Pant (Oct. 15,1944 (Jon. 2, 1945) | (June 22, 1945) |(July 25, 1945) | (Oct 8, 1945) (April 24,1946) (June 20, 1946) 
mponents ' a | | (Infrared) | (Mass) | (infrared) | (Raman infrared) infrored) 
b i sid 1 é | aan 
| %e | Percentage by volume of the toto! aikylote 
— _ t ———— = ----7— — — y oe 4 
T T | T 
sobutane 117 ) | 0.03 
| | | 
aliens l-os | 0.34 0.3 | 0.25 0.37 
Neopentone | 95 0.06 0.07 0.09 
| 83 + 0.5 8.2 
aten 7 | 20 0 
opentane 27.9 8.02 9 8.09 b 8 e 8.00 é 
n—Pentane | 36. | 0.6 + 03 | 0.4 0.35 0.40 | 0.43 0.46 
2. 2-Dimethylbutone 49.7 0.0 0.0 0.0 0.00 0.02 0.0 
2, 3-Oimethy! butane 58.0 4.7 +08 4.4 4.84 4.82 4.72 4.76 
2-Methyipentane 60.3 li 0.57 62 +05 -2 .02 00 0.98 00 
3-Methyipentane 63.3 0.4 + 0.2 0.42 0.43 0.46 0.45 
2,2-Dimethyipentane 79.2 0.2 + 0.2 0.0 . 0.00 0,00 0.02 
| 
2,4-Dimethyipentane 80.5 3.4 + 0.9) 38205 | 3.4 3.55 3.49 3.4/ 3.56 3.50 
2,2,3-Trimethylbutane 80.9 0.2 + 02) 0.2 ° 0.20 0.27 0.28 | 0.25 
| 
2,3- Oimethyipentane 89.8 23 + 06 24 2.32 2.7 2.6 2.44 2.25 
2-Methyihexane 9c 26 +05 0. 0.18 0.07 | 0.10 0.16 
0.3 + 0.2 | | 0.2 
3-Methyinexane 920 0.2 0.15 0.04 0.06 0.13 
2.2.4-Trimethyipentane 99.2 24.3 + 0.9 | 246 24.28 24, 24.40 24.4 
24.4 
5 | 
2,2-Dimethylhexane 106.8 0.2 + 02 | 0.0 0.05 0.10 0.08 
2,5-Dimethylhexane 109. 43 4.48 4.37 7.6 4.46 4.43 
66 + 147 80409 | 
2,4-Dimethyinexane 109.4 3.0 2.70 2.70 2.76 2.83 / 
2,2,3—Trimethyipentane io9.s | 1.2 + 06 1.3 1.21 | 1,02 . 34 2 
2,3,4—Trmethylpentane 3.5 13.0 + 1.8 | 12,0 12.4 | 12.73 2.5 * 12.38 2.62 
| | j 
| 
2,3,3- Trimethyipentane 48 | i23 + 1B 12.7 2.3 12.64 12.7 2.49 2.25 
| 28.7 + 1.4 | 
2,3-Dimethyihexone 115.6 3.0 + 1.4 3.) 3.0 2.49 2.56 2.84 
| 3.3 
3,4-Dimethyihexane 7.7 | 0.4 4 03) | 0.2 0.63 0.73 0.52 
2,2,5~Trimethyihexone 124.) | 4.5 + 0.9 4.56 4.0! 4.25 4.28 
2,3,5- Trimethyihexone 31.4 0.9 + 0.5 
Higher - boiling !soparaffins 131.4 12.1 + 0.5 
Total | 100.0 
2 0.09 percent of pentenes aiso found S trace of 2-methy!-i-butene 
~ 0.08 percent of pentenes iso found ® The sum of 2,2-dimethyipentone ond 2,2,3-trimethyibutone reported to be O25 percent 
0.03 percent of olefins also found ‘ Corrected for a small amount of this component occurring in adjacent lots not analyzed by this 
oboratory 
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Figure 12,—Results of the analytical distillation of Cs-C, alkylate (HF), sample 16. 
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